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LUMINESCENCE OF ORGANIC COMPLEXES OF EUROPIUM, SAMARIUM AND TERBIUM 
- V.V.Kuznetsova & A.N. Sevchenko 


The absorption and luminescence spectra of trivalent ions of the rare earth 
elements have a discrete structure not only in the case of crystals, but also in 
the case of solid and liquid solutions; the spectral lines are almost as sharp as 
the lines characteristic of free tens, The luminescence is comparatively per- 
sistent (1073 to 10-4 sec). 

The luminescence decay and growth laws are exponential.2 This facilitates 
investigation of the effect of the surrounding medium on the processes of absorp- 
tion and emission and of the mechanism of intramolecular energy transfer. Com- 
plex organic compounds of the rare earths are particularly suitable for such stu- 
dies inasmuch as they have continuous absorption spectra, which are characteristic 
of the organic constituent of the complex, and line luminescence spectra, charac- 
teristic of the rare earth ion3-5, 

In the present work, we investigated the luminescence Characteristics of com- 
plexes of europium, samarium and terbium with derivatives of salicylaldehyde 
(ethylenediamine-salicylaldehyde, 5S-nitrosalicylaldehyde, 5S-nitrosalicylaldehyde- 
-ethylenediamine, and a number of other complexes*) . 

1. The absorption regions of microcrystals of the rare earth-ethylenedia- 
mine-salicylaldehyde complexes are identical with those of the pure organic com- 
pounds. The spectra consist of broad bands extending from 400 my into the ultra- 
violet region. In the absorption spectrum of microcrystalline rare earth 5-nitro- 
Salicylaldehyde complexes, the continuous absorption band starts at 380 mz. In 
the case of microcrystalline europium complexes, in addition to the continuum, the 
spectrum includes a group of europium ion absorption lines located at 394 MU e 

The absorption spectra of solutions of the complexes were obtained at room 
temperature on an SF-4 spectrophotometer. In the ultraviolet region the optical 
density was monitored at 1 mu intervals. (The possibility of detecting narrow ab- 
sorption bands in rare earth ionic spectra with the SF-4 spectrophotometer was 
verified in tests with inorganic rare earth salt solutions.) 

Fig.l gives the absorption spectra of the complexes studied as well as the 
spectra of the corresponding organic compounds (i.e., without the rare earths). 

An intense absorption band in the 300 to 400 mu region is observed for all the 
complexes; this is associated with the organic component. The absorption coeffi- 
cient at the band peaks attains ~104. Absorption due to the rare earth ions was 
not detected in the solution spectra. The general character of the spectra is not 
altered by cooling to -185°. 

In contrast to the absorption spectra, the luminescence spectra of the organ- 
ic complexes exhibit the discrete structure characteristic of the rare earth ions, 
when the luminescence is excited anywhere in the ultraviolet region from 435 mu. 

In the luminescence spectra of inorganic trivalent europium salts there ap- 
pear groups of lines®,7, which correspond to transitions from the eee and sec- 
ond levels (5D, and 5D)) of the 5D term to the levels of the regular ‘F term with 
values of J from 0 to 6. The first seven groups, with centers of gravity at 810, 
745, 695, 650, 615, 590 and 580 mu, form a complete septet and are associated with 
transitions from the upper electronic state with J' = 0. Three bands with centers 
of gravity at 555, 535 and 525 mu belong to another septet for which the departure 
level is 5p}. The other bands of this septet are superimposed on the neighboring 
line groups of the first septet. 


*The authors express their sincere thanks to V.V.Zelinskii for synthesis of 
the organic complexes. 


Fig.1. Absorption spectra of complex- 
es in ethyl alcohol solutions: a - 
complexes of 5-nitrosalicylaldehyde 

1) with europium, 2) with terbiun, 

3) with the organic compound alone; 

b - complexes of 5-nitrosalicylalde- 
hyde-ethylenediamine 1) with europiun, 
2) with terbium, 3) alone; c -— com- 
plexes of ethylenediamine-salicylalde- 
hyde 1) with terbium, 2) with samarium, 
3) with europium and 4) alone. 


The luminescence of the complexes 
at -185° was excited by X\ = 365 my ra- 
diation. As already noted, the lumi- 
oD 300 400 Ame nescence spectra of europium complexes 
are due wholly to the europium ions. 
The "inorganic salt" line groups per- 
sist in the spectra of the europium 
complexes; however, the number of 
lines in each group, their positions 
and relative intensities change in go- 
ing from the inorganic salt to an or- 
ganic complex and vary from one organ- 
ic complex to another. In the spectra 
of most of the organic complexes, the 
number of lines in the groups is 
—— greater than in the spectra of the 

200 300 400 r,s inorganic salts (Fig.2). This is 

evidently associated with differences 
in splitting of the levels by the molecular fields and with changes in some transi- 
tion probabilities. The spectrum of europium-dibenzoylmethane is richest in lines 
(see Refs.4 * 5). The spectra of europium-5-nitrosalicylaldehyde and europium-5- 
-nitrosalicylaldehyde-ethylenediamine lack a short wavelength line group which is 
present in both the spectrum of the nitrate salt and the spectra of the other com- 
plexes. 

The fluorescence of samarium ions®~-8 corresponds to transitions to the levels 
of the ground 6H term, with the exception of the longest wavelength group of lines 
which arise as a result of transitions to the levels of the ®F term. In the lumi- 
nescence spectra of the organic complexes with samarium, there appear four line 
groups having centers of gravity at 560, 595, 640 and 700 mi and corresponding to 
transitions from the upper excited level to °H levels with J = 5/2, 7/2, 9/2 and 
11/2 (Fig.3). As in the case of the corresponding europium complex, the short 
wavelength (560 mu) line group is absent from the spectrum of the samarium-5- 
~nitrosalicylaldehyde complex. The spectra of these compounds have fewer lines 
than the spectra of the other complexes. 

The fluorescence spectrum of trivalent terbium consists of seven bands; these 
form a converging seriesand correspond to transitions from a single upper level to 
the levels of the inverted multiplet whose term is TFo 1.2 gore Line groups 
with centers of gravity at 490, 545, 590, 620 and 650 mi are observed in the spec- 
tra of organic complexes of terbium. The long wavelength bands (680 and 670 mu) 
associated with transitions to the Fo and TF) levels are not evinced in the organ- 
ic complex spectra. Among the terbium complexes, terbium-5-nitrosalicylaldehyde is 
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; Fig.2 Fig.3 
Fig.2. Positions of the lines and intensity distributions in the luminescence 


spectra of europium complexes in the crystal state and in solution: 1) europiun- 
=5-nitrosalicylaldehyde-ethylenediamine, 2) europium-ethylenediamine salicylalde- 
hyde, 3) europium-5-nitrosalicylaldehyde, 4) europeium nitrate; 5,6,7,8 & 9) euro- 
pium-ethylenediamine-salicylaldehyde solutions in water, methyl alcohol, ethyl al- 
cohol, amyl acetate and acetone, respectively. (The centroids of the corresponding 
electronic transitions are given at the top of the figure.) 


Fig.3. Positions of the lines and intensity distributions in the luminescence 
spectra of samarium complexes: 1) samarium nitrate, 2) samarium-ethylenediamine- 
-salicylaldehyde, 3) samarium-5-nitrosalicylaldehyde, 4) samarium-naphthaldehyde- 
-ethylenediamine, 5) samarium-dibenzoylmethane; 6,7,8 & 9) samarium dibenzoylme- 
thane solutions in ethyl alcohol, acetone, benzene and ether, respectively. 
characterized by the luminescence spectrum richest in lines (Fig.4). The spectrum 
of terbium-ethylenediamine-salicylaldehyde comprises the same groups, but the com- 
position of the groups and the intensity distribution are different. Moreover, the 
luminescence spectrum of this complex includes a wide band (~450 mi) due to the or- 
ganic portion of the molecule. 

The luminescence spectra of the complex compounds in solutions differ to a 
considerable extent from the crystal spectra. The luminescence spectra of the 
europium-ethylenediamine-salicylaldehyde complex in different solvents are shown 
in Fig.2. The short wavelength line groups disappear from the solution spectra. 
The spectral lines are split differently in different solvents. The line at 579 
mi, corresponding to the J' = 0 to J = 0 transition, remains single in all of the 
spectra; in methyl alcohol, however, it is shifted to the side of longer wavelengths. 
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The luminescence spectra of solutions of the 

S samarium-dibenzoylmethane complex in various sol- 
. vents are given in Fig.3. In this case the short 
wavelenth line groups do not always disappear in 


i iT lh going from the crystal state to a solution; how- 
1 ever, the relative intensity of the short wave- 
length line groups always decreases. The number 
\ ih Al ll of components in the groups is appreciably small- 
: er in the spectra of the solutions; the smallest 


number of components is observed in acetone and 
3 ether solutions. 


For solutions of the terbium complexes, we 
i tli i observed only a change in the splitting of the 
4 lines and a redistribution of their intensities 
on going from crystal to solution and from one 
il ail Al tl solvent to another (Fig.4). 
o 


Thus, the solvent influences both the transi- 
tion probabilities and the splitting of the lev- 
, ui th thin | rn els; thus the luminescence spectra serve as a 
sensitive indicator of the medium (solvent). 


2. The luminescence spectra of several or- 
ganic complexes were studied at different tem- 
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pe Ma eT fi peratures. The spectra remained discrete over 

WO 6600 = 60008500 5000 1,4 the entire temperature range investigated (from 
Fig.4. Positions of the lines room temperature down to -185°9). The intensity 
and intensity distributions in of all of the lines increases with decreasing 
the luminescence spectra of ter- temperature, but their positions and relative 
bium complexes: 1) terbium-5- intensities remain the same. 
-nitrosalicylaldehyde-ethylene- It should be noted that the intensity of 


diamine, 2) terbium-ethylenedi- luminescence of the inorganic rare earth salts 
amine-salicylaldehyde, 3) terb- does not depend on the temperature and is much 
ium-5-nitrosalicylaldehyde; 4,5, weaker than the luminescence intensity of the 
6 & 7) terbium-5-nitrosalicylal- complexes. In this connection, we investigated 
dehyde solutions in methyl alco- the temperature dependence of the luminescence 
hol, ethyl alcohol, benzyl alco- efficiency. The nature of the temperature de- 
hol and acetone, respectively. pendence of the efficiency can yield information 
on the transfer of excitation energy from the 
organic portion of the molecule to the rare earth ions. The measurements were 
performed on a Vavilov type comparison photometer. In view of the fact that 
changes in temperature do not result in redistribution of the line intensities 
and the fact that the excitation energy is completely absorbed, it may be assumed 
that the change in luminescence brightness with temperature gives the temperature 
dependence of the quantum efficiency. The experimental data for alcohol solutions 
of the terbium complexes are given in Fig.5. For terbium-5-nitrosalicylaldehyde- | 
-~ethylenediamine (curve 1), the efficiency falls off by a factor of 1.5 in the 
temperature range from -185 to -100°. Further increase of the temperature brings 
a sharp decrease in yield. For the terbium-ethylenediamine-salicylaldehyde con- 
plex over the same temperature range, the efficiency falls off by a factor of 4 
(curve 2). The sharpest drop is observed for the terbium-5-nitrosalicylaldehyde 
complex: increase in temperature from -175 to -1600 brings a factor of 5 reduction 
in yield (curve 3); above -160° the efficiency remains virtually constant. Curve 
4 gives the temperature dependence of the luminescence efficiency of the terbiun- 
-dibenzoylmethane complex. The temperature dependence of the efficiency for sama- 
rium-dibenzoylmethane complex is similar. For samarium-ethylenediamine-salicylal- 
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iehyde, a sharp drop in efficiency is observed over the temperature range from 

-185 to -1309, wherein the yield decreases to one fifth its initial value. For 
samarium-5-nitrosalicylaldehyde-ethylenediamine the efficiency hardly varies in 
this temperature interval, but it decreases uniformly starting at -150° and be- 
somes one tenth of its initial value at -50°. It ig noteworthy that the effici- 


sncy of solutions of inorganic Smg(SO4) 3 remains virtually constant over the en- 
tire temperature range under consideration. 
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Fig.5. Temperature dependence of 
the luminescence efficiency 0/p, 
of 1) terbium-5-nitrosalicylal- 
dehyde-ethylenediamine, 2) terb- 
ium-ethylenediamine-salicylalde- 
hyde, 3) terbium-5-nitrosalicyl~ 
aldehyde, 4) terbium-dibenzoyl- 
methane, 5) europium-5-nitro- 
Salicylaldehyde, 6) europium-5- 
-nitrosalicylaldehyde, 7) euro- 
pium-ethylenediamine-salicylal- 
dehyde; and 8) t/t, for crystal- 
line europium ethylenediamine- 

3-0-5 9-9-6 nee ee , @salicylaldehyde. (Curves 1-5 
140 UD 100 7) =) g0%¢ are for alcohol solutions; 6 & 7 
are for crystals.) 


The temperature dependence of the efficiency for europium—5-nitrosalicylalde- 
hyde (curve 5) is the same as for the analogous terbium complex. In Fig.5 we also 
show the experimental data for the europium complex in the crystalline state (curve 
5). For europium-5-nitrosalicylaldehyde in alcohol solution, the yield decreases 
LO to 1 in the range from -180 to -170°, while the corresponding decrease for the 
crystalline complex in the same range is only 2.5 to 1. Further increase in ten- 
perature results in only an insignificant decrease in efficiency; the solution and 
crystal state curves become parallel. 

Curve 7 in Fig.5 gives the temperature dependence of the quantum efficiency 
of crystalline europium—-ethylenediamine-salicylaldehyde. The yield remains cons- 
tant from -190 to -160° and then falls off uniformly with further increase in tem- 
perature. 

The temperature independence of the luminescence efficiency of the inorganic 
rare earth salts, where only the rare earth ion absorbs and emits, on the one hand, 
and the strong temperature dependence exhibited by the organic complexes, on the 
other hand, prove that the rare earth ions receive excitation energy from the or- 
sanic portion of the molecule. 

Measurements of the excited state lifetimes of different europium, samarium 
and terbium complexes show that tT depends on the nature of the organic complex. 
The measurements were performed with a Tolstoi-Feofilov? taumeter. The values of 
r for the organic complexes were of the same order of magnitude as for the inorga- 
nic salts. The results of the lifetime measurements are given in the accompanying 
table (following page). 

Curve 8 in Fig.5 gives the temperature dependence of the liftime of the ex- 
cited state for the europium-ethylenediamine-salicylaldehyde complex in the crys- 
tal state. It will be seen that the lifetime hardly varies over the temperature 
range from -192 to -40°. 

: Comparing the curves for the temperature variation of the efficiency with 
those for the lifetime, we note that the efficiency and tT are characterized by 
Jifferent temperature dependences. The efficiency decreases uniformly starting 


Complex t+104 sec 


Terbium-5-nitrosalicylaldehyde 
Terbium-ethylenediamine-salicylaldehyde 

Tb(NO3) 3°8H,0 
Samarium-5-nitrosalicylaldehyde-ethylenediamine 
Samarium-dibenzoylmethane 
Samarium-ethylenediamine-salicylaldehyde 

Smg (S04) 3°8H20 
Europium-ethylenediamine-salicylaldehyde 
Europium-5-nitrosalicylaldehyde 
Europium-5-nitrosalicylaldehyde-ethylenediamine 
Eu(NO3) 3°8H90 
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at -160°, while the excited state lifetime remains almost constant. Similar de- 
pendences are observed for the other europium complexes both in the crystalline 
state and in solutions. The absence of parallelism between the temperature de- 
pendences of the efficiency and the excited state lifetime shows that most of the 
quenching occurs through deactivation in the organic part of the molecule; appa- 
rently, the probability of deactivation of the excited rare earth ions by nonradia- 
tive transitions is rather low. 
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DISTINCTIVE FEATURES OF THE LUMINESCENCE OF ORTHO-HYDROXY SUBSTITUTED 
AROMATIC HYDROCARBONS 


- Yu.V.Naboikin, V.A,.Zadorozhnyi & E.N. Pavlova 


Establishing the correlation between the luminescence properties of organic 
molecules and their chemical structure is one of the most important current prob- 
lems in the field of luminescence. Among the structural characteristics which 
affect the physical properties of molecules are hydrogen bonds. Hydrogen bond 
formation leads to characteristic changes in the electronic and vibrational spec- 
tra, variation of the dissociation constants and alteration of the boiling and 
melting points. The effect of hydrogen bonds on the electronic and vibrational 
molecular spectra has been discussed in a large number of papers! »2, The effect 
of hydrogen bonds on the luminescence of organic substances has hardly been inves- 
tigated, except in the work of Mataga and his co-workers?» 4, who studied the ef- 
fect of solvent composition on the luminescence of naphthols. They showed that 
formation of intermolecular hydrogen bonds leads to a shifting of the fluorescence 
bands to the long wavelength side. 

The luminescence of substances comprising intramolecular hydrogen bonds has 
been observed previously9; however, no specific attempt was made to correlate the 
luminescence eel as with the presence of intramolecular interaction in the mole- 
cules. Weller’ tried to explain peculiarities in the luminescence of salicylic 
acid and its methyl ester by hypothesizing proton migration from the hydroxyl 
group to the carbonyl group in the excited state. The question as to how intra- 
molecular hydrogen bonding affects luminescence cannot be solved on the basis of 
the scanty experimental data hitherto available. 

In order to investigate this problem 

further, we prepared a series of di-sub- 
I, arb.units stituted derivatives of benzene and naph- 
thalene. Some of the compounds had hyd- 
rogen bonds; the position and nature of 
the substituents precluded intramolecular 
interaction in the others. Absorption 
and luminescence spectra were obtained 
for all of the substances in different 
solvents. All the spectroscopic data are 
given in the table below, together with 
the hydrogen bond energies calculated 
from the shift of the characteristic OH- 


20000 24000 26000 32000 ¥ cm -group valence vibration band in the in- 
frared absorption spectra’. 
Fig.1. Absorption and fluorescence spec- Two or sometimes three (depending on 
tra of alicyloylanilide in heptane (sol- the solvent) fluorescence bands are ob- 
id curves) and in sodium ethanolate served in the spectra of all the compounds 
(dashed curves). that have hydroxyl groups. Fig.1 shows 


the variation in the absorption and lumi- 

nescence spectra of salicyloylanilide as a function of the solvent. In heptane and 
in acidified ethyl alcohol this substance shows a luminescence band peaking at 
about 20,800 cm-l. This band is strongly shifted toward the long wavelength side 
of the spectrum in these solvents as compared to others. In sodium ethanolate 
(i.e., in an alkaline medium) the long wavelength band disappears; a short wave- 
length band peaking at 23,800 em7~l appears in its stead. 

As will be evident from Fig.1, the appearance of the short wavelength fluo- 
rescence band is associated with a change in the absorption spectrum. 
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An entirely different transformation of the fluorescence bands occurs when 
there are no intramolecular hydrogen bonds as, for example, in B-naphthol. In 
neutral solvents, B-naphthol exhibits a fluorescence band peaking at 28,000 cm-l; 
this disappears in alkaline solutions, while a long wavelength band peaking at 
23,600 em~1 appears instead. This shift in the fluorescence spectrum is accompan- 
ied by a bathochromic shift of the absorption band. 

As can be seen from the Table, the same regularities obtain for 1-hydroxy-4- 
-acetylnaphthalene in which there are no intramolecular hydrogen bonds. As will 
be evident from Fig.2, the same regularities, as observed for salicyloylanilide, 
are evinced in the fluorescence spectrum of isomeric l1-hydroxy-2-acetylnaphthalene 
in going from an inert solvent to a basic one. 

The data in the Table show that those sub- 
stances in which intramolecular hydrogen bonds 
oy (RESEND can form always have fluorescence bands that 
are strongly shifted to the long wavelength 
side. As a rule, these bands vanish in alka- 
line solutions, where the intramolecular hydro- 
gen bonds break up. Instead, there appear 
shorter wavelength fluorescence bands the in- 
tensity of which is strongly dependent on the 
pH of the solution. Generally, when the sub- 
72008 24000 20008 J2m00 » eu? stance does not contain a free hydroxyl group, 
Fig.2. Absorption and fluorescence no significant variation is observed in the 
spectra of l-hydroxy-2-acetylnaph- fluorescence spectra when the solvent is 
thalene in heptane (solid curves) changed. This is clearly evinced, for example, 
and in a concentrated alkaline(KOH) in the case of the methyl esters and anilides 
alcohol solution (dashed curves). of methoxy-substituted acids. 
; Short wavelength fluorescence simultane- 
ously with the usual long wavelength bands is observed for several substances hav- 
ing intramolecular hydrogen bonds. The peaks for these higher frequency bands 
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are not observed in the fluorescence spectra of substances having hydrogen bond 
energies exceeding 5 Kcal/mole. These also do not appear in alkaline solutions. 

As may be seen from the canes the investigated compounds included carboxy- 
lic acids; these, as is well known“, dimerize freely: 
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This is evinced in the infrared absorption spectra in the form of diffusion 
and a strong lower-frequency shift of the OH valence vibration band. Naturally, 
this effect should also appear in the fluorescence spectra. AS an example, we 
may consider the luminescence of 3-methoxy-2-naphthoic acid. Its fluorescence 
band has a peak at 26,200 cm-1 at low concentrations and also in alkaline solu- 
tions. If the concentration of the compound in solution is increased, the band 
peak moves toward the long wavelength side (to 23,200 em-1) and finally coincides 
with the fluorescence peak of crystalline 3-methoxy-2-naphthoic acid. A weak 
fluorescence band peaking at 19,200 cm-l appears in acidified alcohol solutions. 
The development of this band is evidently due to formation of weak intramolecular 
hydrogen bonds. The variations in the luminescence spectra of the ortho-hydroxy- 
carboxylic acids are undoubtedly complicated by this effect. In this case, evi- 
dently, further luminescence studies are required in order to distinguish between 
the effects of inter- and intramolecular hydrogen bonds. 

One may conclude from the formulas presented in the table, that intramolecu- 
lar hydrogen bonds promote the formation of more rigid molecular structures. This 
factor should lead to increase of the fluorescence yield in the long wavelength 
bands. Actually, salicyloylanilide, 1-hydroxy-2-acetylnaphthalene, and ~@licylic 
acid have the highest hydrogen bond energies. The highest fluorescence efficien- 
cies are observed for them. These substances even exhibit scintillation proper- 
ties in solid solutions. However, it should be noted that the intensity of the 
long wavelength luminescence is sharply decreased as the fluorescence band peak 
shifts to the red region of the spectrum. 

An illustration of the fact that intramolecular hydrogen bonds promote an 
increase in fluorescence efficiency is furnished by the red luminescence of azo 
dyes which have the following fairly complex branched structure: 
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The luminescence maximum of this dye lies at 16,000 cm-l. In view of the 
cited data it may be concluded that intramolecular hydrogen bonds exert a defin- 
ite influence on the luminescence properties of compounds. The effect consists 
of a strong shift of the fluorescence bands to the side of longer wavelengths. 

It may also be inferred from preliminary observations that the formation of in- 
termolecular hydrogen bonds has a similar effect. 

The luminescence peculiarities of some substances with i - 
gen bonds can be readily explained on the basis of Welle’ cvkyre tied tad ean 
proton transfer in the excited state from the hydroxyl-group to the carbonyl o : 
gen. However, the Weller theory cannot explain the effect of hydrogen bonds it 
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the luminescence in all instances. Thus, in the case of o-methoxycarboxylic acids, 
it is very difficult to imagine proton transfer in the excited state to the methox- 
yl group, as would be required to explain the long wavelength luminescence of this 
compound. Furthermore, Weller's hypothesis cannot be applied at all to the longer 
wavelength shift of the fluorescence bands observed incident to the formation of 
intermolecular hydrogen bonds. It is reasonable to supplement Weller's scheme with 
the following hypothesis. 

Relatively weak intramolecular hydrogen bonds are ruptured during electronic 
excitation of the organic molecule. Thus there obtains an excited electronic state 
with a broken intramolecular hydrogen bond. This bond is regenerated during the 
time the molecule persists in the excited state. As a result of the regeneration 
of the hydrogen bond, the molecule acquires a more stable structure; this increases 
the radiative transition probability. Thus, the energy of the molecule is reduced 
owing to re-establishment of the hydrogen bond in the excited state. The rupture 
and regeneration of the hydrogen bonds are repeated in the process of emission 
(luminescence). As a result, the energy of the emitted photon is considerably re- 
duced and, consequently, the fluorescence band is shifted to the side of longer 
wavelengths. These ideas can also be generalized to include intermolecular hydro- 
gen bonds, particularly since it is possible for luminescing molecules to interact 
in the excited state, as was shown by Forster and Kasper® in their paper on con- 
centration induced changes in the fluorescence spectra of pyrene. The above mech- 
anism is proposed only as a tentative, working hypothesis for studying the influ- 
ence of hydrogen bonds on the luminescence characteristics of organic compounds. 
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DISCUSSION 


D.N.Shirogin: The experimental data given in the report indicate that the 
hydrogen bond exerts a strong influence on the luminescence spectra of different 
compounds. From analysis of extensive experimental data, we inferred that the 
features of the hydrogen bond in compounds with V-electrons can be explained by 
the fact that the H atom electron participates in the formation of the bond, uti- 
lizing a modified P-orbit, and hence interacting simultaneously with all the T7- 
-electrons of the nearest neighbors, and through these with the fl-electrons of 
the entire molecule. The modification of the P-orbit is realized through defor- 
mation of the atomic electron cloud in the direction perpendicular to that of the 
bond (o-»7). The hydrogen bond, being coupled into the conjugated system of bonds, 
produces a change in the f-electron interaction in the whole molecule and thus: 
substantially influences the energy of the entire system. Owing to the participa- 
tion of the 7T-electrons in the formation of the hydrogen bond, there is formed an 
auxiliary "ring", which is equivalent to lengthening of the conjugated bond chain. 
; One can also propose a different mechanism for the participation of the hyd- 
rogen atom of an X—H... group in the T-electron interaction in the molecule or 
for the participation of the 7-electrons of the system in the formation of hydro- 
gen bonds. It may be assumed, for example, that the P-orbit of the hydrogen atom 
participates directly in the formation of the bond and that the J-electrons of 
the neighboring atoms come to occupy this P-orbit of the H atom. 
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FORMATION OF LUMINESCENT POLYMERS IN CONCENTRATED ACRIDINE ORANGE SOLUTIONS 
AND INVESTIGATION OF THEIR OPTICAL PROPERTIES 
- V.L.Levshin & Yu.A.Klyuev 


Reversible physical-chemical changes occurring in solutions of luminescent 
substances incident to increase of the solute concentration are often connected 
either with association or with changes in the proportions of the different ionic 
forms of the solute molecules.1t,2 

Terenin?’ showed that the persistent luminescence, emitted by many organic 
compounds in addition to fluorescence, is associated with transitions between sin- 
glet and triplet energy states, transitions which are in some degree forbidden 
owing to the difference in multiplicity. In the case of associated dye molecules 
one may expect the appearance of new series of terms associated with the singlet 
and triplet states instead of the terms peculiar to the monomeric form of the 
molecules. 

The present work was concerned with investigation of the luminescence of con- 
centrated solutions of acridine orange in sugar candies at temperatures in the 
range from +20° to -183°9; association occurs in such solutions with the result 
that they emit persistent luminescence corresponding to forbidden transitions. 

Zanker*, working with concentrated alcohol-ether solutions of acridine-orange 
at -183°, observed association of the acridine moleculesleading to formation of 
dimers and tetramers. As a result of his experiments, Zanker concluded that both 
types of aggregates are capable of phosphorescence. 

Sveshnikov® investigated the B-phosphorescence spectra of the same solutions 
with different dye concentrations and detected only a relatively small shift in 
the position of the spectrum in going from low concentrations to a concentration 
of 1073 mole/liter; accordingly, Sveshnikov inferred that in ether-alcohol solu- 
tions the phosphorescence spectrum of dimers at low temperatures is similar to the 
spectrum of the monomers. 

We used the following procedure in investigating the luminescence spectra of 
acridine orange colored sugar candies with concentrations from 10-5 to 10-2 g/g. 
The luminescence was excited by the Hg 436 mu line with complete absorption. The 
luminescence spectra were recorded by means of a photoelectric unit attached to 
an UM-2 monochromator. The experimental data were corrected for the variation in 
sensitivity of the FEU-19 photomultiplier and for self-absorption of the lumines- 
cence. To discriminate the intrinsic phosphorescence, the set-up was supplemented 
by a disk shutter with three cut-out sectors. The rate of rotation of the shutter 
was 1000 rpm. Accordingly, the period of the shutter was much shorter than the 
duration of each "emission"; hence the spectral composition of the luminescence 
with phosphoroscopic observation did not undergo any change as compared with the 
spectral composition of the persistent luminescence, which was observed directily 
without the phosphoroscopic accessory. 

The process of association in sugar candies differs somewhat from the forma- 
tion of polymers in alcohol-ether solutions. At 20°, beginning at a concentration — 
of 1073 g/g, there is observed in the fluorescence spectra of the activated candies 
a gradual weakening of the green, monomer band (534 mu) and a simultaneous intensi- 
fication of the yellow band (575 mu) characteristic of associated dye molecules 
(Fig.1). In contrast to the case of aqueous solutions, development of the orange 
bands in the spectra of candies takes place very slowly. In the investigated ane 
of concentrations, the total luminescence is quenched by a factor of about 20. 

The Q-phosphorescence spectra of candies with acridine orange concentrations 
to 1073 g/g inclusive are identical in shape with the fluorescence Spectra of the 
same candies at 20° (Fig.2). At higher concentrations, we observed suppression 
of the Q-band associated with the monomers and development of the persistent 


- 15 = 


100 


50 


Fig.l 


-Fig.1. Fluorescence spectra of candies colored with acridine orange at 20°. Con- 
Meentrations: 1) 5-10-5 & 107*, 2) 5-10-4, 3) 10-3, 4) 2-10-3, 5) 4-10-3, 6) 6-10-3, 
7) 10-2 g/g. 

Fig.2. Q-Phosphorescence spectra of acridine orange activated sugar 
candies at 20°. Concentrations: 1) 5:1079 & 10-45 25 1052 es) Og 
4) 2°10-3, 5) 4-10-3, 6) 6-1073 g/g. 


luminescence due to dimers. Apparently, this is connected with the relatively 
greater probability of transition of the dimers to the triplet state, as compared 
with the probability for monomers. 

At -183° the persistent luminescence spectra are entirely different (Fig.3): 
the Q-phosphorescence is almost wholly suppressed and instead B-phosphorescence 
appears. The shape of the 8-phosphorescence spectrum of the candies changes little 
with increase of the acridine orange concentration from 51075 to 4-10-73 g/g, but 

the peak of the short wavelength B-band shifts from 588 to 614 mu. The long wave- 
length 8-phosphorescence band peaking at 663 mu, which was observed by Kuznetsova 
& Sveshnikov® and identified by them as being due to tetramers, could not be mea- 
sured in our experiment owing to the low sensitivity of our photomultiplier in the 
spectral region above 640 mu. 

é The appreciable shift of the persistent luminescence band with increasing dye 
concentration is apparently due to formation of dimers, which are capable of phos- 

.phorescing. This is in agreement with the deductions of Zanker*. The peaks of 

the B-luminescence spectra of monomers and dimers are located at 588 and 614 mp, 
respectively. 

We measured the areas under the integral spectra of the monomers and associ- 
ated complexes, corresponding to the different luminescence processes in candies 
activated with different amounts of acridine orange (see table). 

P We evaluate the accuracy of these measurements as 15%. It follows from the 
-eited data 1) that the concentration quenching of the different luminescence pro- 
cesses is approximately the same and 2) that the yields of Q-phosphorescence at 
20° and of B-phosphorescence at -183° are nearly equal. 

In addition to the candy spectra, we investigated the fluorescence spectra 

of aqueous solutions of acridine orange (Fig.4). In general, the character of the 
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acridine orange colored candies at -183°. 
Concentrations: 1) 5-1075, 2) 51074, 3) 1073, 4) 2-10-73, 5) 4-10-3 g/g. 
Fig.4. Spectra of water solutions of acridine orange at 20°. Concentrations: 
1) 10-6, 2) 10-5, 3) 1074, 4) 5-10-4, 5) 10-3, 6) 2-1073, 7) 4-1073, 8) 6-1073 
& 2-10-2 g/ml. 


variation of the spectra with increasing concentration agreed with that observed 
by Zanker®; however, the yellow radiation, which was very weak in Zanker's experi- 
ments, was usually clearly evident in our spectra. Zanker attributed the yellow 
luminescence to dimers in conformity with Férster's! interpretation of the mechan- 
ism of the formation of associative complexes and their optical properties. The 
above described candy spectra in which the yellow dimer luminescence is clearly 
evident at high dye concentrations would appear to substantiate this interpretation. 
In order to disprove the hypothesis that the concentration induced changes 
in the spectra are connected with changes in the ionization of the molecules in 
solution, as was observed for acridine compounds by Levshin?, we investigated the 
variation of the pH of the solutions with the acridine orange concentration. We 
found that the change in pH is proportional to the logarithm of the concentration, 
i.e., as the concentration is varied from 3-10-6 to 2+10-2 g/liter, the pH of the 
solution decreases from 6.4 to 3.2. According to Zanker®, in the pH range from 
6.5 to 1.5 the dye in water solutions exists only in the form of Singly ionized 
cations. Thus the concentration induced changes in the spectra of acridine orange 
occur in the region of existence of the dye in the form of singly charged ions, 
and hence these changes must be attributed to association of the ions. 
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It is interesting to note that the deformations of the spectra of acridine 
orange in water solutions and in sugar candies being at approximately the same 
dye concentrations; moreover, the wavelengths of the luminescence bands in these 
spectra are identical. It follows from the shape of the fluorescence spectra of 
the candies that the relative number of dimers in them is lower than in aqueous 
solutions of the same concentrations. 
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EFFECT OF IONIZATION ON THE LUMINESCENCE SPECTRUM OF 9-AMINOACR IDINE 


AND ITS MONOCHLORODERIVAT IVES 
- L.V. Levshin 


Earlier! it was shown that incident to ionization the luminescence spectra of 
acridine and monoaminoacridines change in the same way as the absorption spectra 
of these compounds. The luminescence spectrum is shifted to the long wavelength 
gide as a result of attachment of a proton to the ring nitrogen. In the case of 
double ionization, i.e., attachment of a second proton to the amino group, the 
acridine luminescence spectrum is shifted back to the short wavelength side, rough- 
ly to the initial position. 

The spectrum displacements are different in the case of ionization of 9-amino- 
acridine molecules. Here in the case of single ionization, the luminescence spec- 
trum is shifted to the short wavelength side, while in the case of double ioniza- 
tion a shift towards longer wavelengths occurs. Despite the double shift, the ab- 
sorption and luminescence spectra of doubly ionized 9-aminoacridine do not coincide 
with the corresponding spectra of acridine. Possibly this anomalous behavior of 
the luminescence spectra of 9-aminoacridine is connected with the fact that its 
molecules have the acridonimine rather than the amino structure, as was pointed 
out by Karyakin and his co-workers2;3. This inference is substantiated by the 
character of the changes observed incident to ionization in the absorption spectra 
of 4-aminopyridine, which is definitely known to have the amino structure*. These 
changes are similar to the changes occurring during ionization in the spectra of 
acridine and the other monoaminoacridines: shift to longer wavelengths as a result 
of single ionization and to shorter wavelengths with double ionization. 

In view of the imino structure of 9-aminoacridine molecules, it may be assumed 
that in the initial ionization, the first proton links up not with the ring nitro- 
gen but with the amino group, thus giving rise to the noted shift towards shorter 
wavelengths. The second proton becomes attached to the ring nitrogen, thus shift- 
ing the luminescence spectrum to the side of longer wavelengths. 

In the present work we employed the previously described luminescence proce- 
dure for investigating the ionization of four chlorine derivatives of 9-aminoacri- 
dine, namely, 1-, 2-, 3- and 4-chloro-9-aminoacridine. The changes in the absorp- 
tion spectra of these compounds incident to ionization are not sufficiently "char- 
acteristic’’ so that the absorption procedure? » 6 proved to be inadequate for in- 
vestigating their ionization behavior. 

Our experiments showed that the character of the changes in the luminescence 
spectra of these molecules are generally similar and not unlike the previously ob- 
served! changes in the spectrum of 9-aminoacridine. By way of illustration, we 
show in Fig.1 the variation of the luminescence spectrum of 4-chloro-9-aminoacri- 
dine occurring as a result of single and double ionization. Curve 1 characterizes 
the luminescence of nonionized molecules (pH > 12). Single ionization occurs at 
pH =1; the spectrum is shifted to the side of shorter wavelengths (curve 2). The 
formation of doubly charged ions (in HS0 4) is accompanied by a very appreciable 
(~60 mu) displacement of the luminescence spectrum to the side of longer wave- 
lengths (curve 3). In view of the general similarity of the changes with ioniza- 
tion observed in the spectra of 9-aminoacridine and its monochloroderivatives, it 
may be inferred that both the character of the ionization and the structure of 
these molecules are virtually identical; thus, apparently, the molecules of 1- 

2-, 3- and 4-chloro-9-aminoacridines, like those of 9-aminoacridine, have the ' 
acridonimine structure. 

Substitution of chlorine into different positions in acridine ring has dif- 
ferent effects on the luminescence spectrum of the molecules, depending on the 
degree of their ionization. Fig.2 shows the luminescence spectra of these com- 
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Fig.l. Variation of the 

luminescence spectrum of 

4-chloro-9-aminoacridine 

with the pH of the solu- 

tion:. 1) in alcohol ,. pH 
12; 2) in alcohol, pH 
1; 3) in H9S04. 
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Fig.2. Luminescence spectra 
of nonionized molecules of 
1) 9-aminoacridine, 2) 1l- 
chloro-9-aminoacridine, 3) 
2-chloro-9-aminoacridine, 
4) 3-chloro-9-aminoacridine, 
5) 4-chloro-9-aminoacridine. 
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pounds with the molecules in the nonionized state 
(pH > 12). It will be seen that the position of the 
chlorine does not have a substantial influence on the 
magnitude of the displacement of the luminescence 
spectra of the monochloroderivatives relative to the 
spectrum of 9-aminoacridine. In all cases the shifts 
are approximately equal (10-12 mu). The shape of the 
luminescence spectra, however, is strongly dependent 
on the position occupied by the chlorine. Thus the 
shape of the luminescence spectrum of 1-chloro-9- 
aminoacridine differs only Slightly from the spectrum 
of 9-aminoacridine. The difference increases for 
2-chloro-9-aminoacridine. The difference between the 
spectra is appreciably greater when we go to 3-chloro- 
9-aminoacridine; here the short wavelength peak is 
only about one third the height of the corresponding 
peak in the spectrum of 9-aminoacridine. Thus the dis- 
tortion of the spectrum shape increases rapidly as the 
chlorine approaches the nitrogen atom in the ring. In- 
stead of being an extreme case, however, the lumines- 
cence spectrum of 4-chloro-9-aminoacridine occupies 
an intermediate position between the spectra of 2- 
and 3-chloro-9-aminoacridine. 

It is quite possible that the luminescence 
spectra of the monochloroderivatives are distorted 
owing to inductive interaction of the chlorine with 
the ring nitrogen atom. This interaction should in- 
crease as the chlorine approaches the nitrogen atom. 
It attains its greatest strength in 3-chloro-9-amino- 
acridine. The relatively lesser distortion of the 
luminescence spectrum of 4-chloro-9-aminoacridine is 
probably due to the very close spatial location of 
the chlorine relative to the ring nitrogen in this 
compound (owing to the closeness, the inductive ef- 
fect should be somewhat weakened). 

The effect of chlorine on the luminescence spec- 
tra of the singly ionized molecules of 9-aminoacri- 
dine derivatives is different. It will be seen from 
Fig.3 that the introduction of chlorine has little 
effect on the shape of the luminescence spectrum. 
The presence of chlorine is evinced in a certain 
displacement of the luminescence spectrum to the 
side of longer wavelengths with respect to the spec- 
trum of singly ionized 9-aminoacridine. The shift 
is greatest in the l-chloro- compound and least 


(virtually nil) and 3-chloro-9-aminoacridine. The shifts in 2- and 4-chloro-9- 
aminoacridines are intermediate and approximately equal. 

The observed regularities can readily be explained by the inductive effect, 
if we assume that the electric charge is concentrated at the ring nitrogen atom 


in the singly ionized state 
ated by the above described 


This assumption, however, is neg- 
the luminescence spec- 


of the compounds. 
anomalies in the variation of 


tra of 9-amino-acridinel and its monochloroderivatives. 
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Fig.3. Luminescence spectra of singly ionized 1) 1-chloro-9-aminoacridine, 2) 2- 
-chloro-9-aminoacridine, 3) 3-chloro-9-aminoacridine, 4) 4-chloro-9-aminoacridine; 
the crosses on curve 3 are points for 9-aminoacridine. 
Fig.4. Luminescence spectra of doubly ionized 1) 9-aminoacridine, 2) 
1-chloro-9-aminoacridine, 3) 2-chloro-9-aminoacridine, 4) 3-chloro-9- 
-aminoacridine, 5) 4-chloro-9-aminoacridine. 


The influence of chlorine is even more pronounced in the case of doubly ion- 
ized molecules of 9-aminoacridine and its derivatives. In this case introduction 
of chlorine can alter both the shape and the location of the luminescence spectrum. 
It will be seen from Fig.4 that the luminescence spectra of doubly ionized 1l- and 
4-chloro-9-aminoacridine (curves 2 & 5) virtually coincide, but differ markedly 
as regards both shape and position (30 mu shift to the side of longer wavelengths) 
from the spectrum of doubly ionized 9-aminoacridine (curve 1). The spectra of 
doubly ionized 2- and 3-chloro-9-aminoacridine are also very close (curves 3 & 4) 
and not very different from the luminescence spectrum of doubly charged 9-amino- 
acridine ions. 

The described regularities can be explained in terms of the inductive effect. 
Regardless of whether the initial structure is actually of the amino or of the 
imino type, the positive electric charges may be assumed to be concentrated in 
symmetrical positions at the ring nitrogen and at the amino group nitrogen. Being 
in the immediate proximity of these positions, despite the presence of the posi- 
tive charges near by, the chlorine interacting with the corresponding nitrogen 
atom gives rise to an appreciable distortion of the luminescence spectrum. Being 
located at approximately the same distance from the ring nitrogen and the amino 
group nitrogen in the case of 1- and 4-chloro-9-aminoacridine, the chlorine pro- 
duces virtually identical changes in the luminescence spectra of these compounds, 
so that the two spectra nearly coincide. 

In 2- and 3-chloro-9-aminoacridine the chlorine is situated further from the 
nitrogen atoms, hence the interaction with these atoms is grealy weakened and, 
consequently, the luminescence spectra of the doubly charged ions of these deriva- 
tives are similar in shape and close in position to the luminescence spectrum of 
doubly charged 9-aminoacridine ions. The minor distortion of the luminescence 
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spectrum of these compounds in the region of the short wavelength peaks is indica- 
tive of a certain weak interaction of the chlorine with the corresponding nitrogen 
atoms. That the strength of this interaction is not quite the same in both cases 
is indicated by the fact that in the region of the short wavelength peaks the 
spectra of 2-chloro-9-aminoacridine and 3-chloro-9-aminoacridine lie to either 
side of the luminescence spectrum of 9-aminoacridine. 

The writer desires to acknowledge his indebtedness to A.F.Bekhli for supply- 


ing the compounds, Yu.N.Sheinker for valuable advice and A.P.Khovanskii and Z.A. 
Gorbunva for assistance in the work. 
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VIBRATIONAL ANALYSIS OF THE PHOSPHORESCENCE OF CORONENE 
- E.V, Shpol'skii & L.A. Klimova 


1. In the course of earlier researches in our laboratory!, in investigating 
the luminescence of polycyclic aromatic hydrocarbons of the pyrene series, we also 
studied the phosphorescence of some of these compounds in frozen (77°K)alcohol and 
paraffin oil solutions. It was found that the frequency differences in the phos- 
phorescence spectra coincide approximately with some frequency differences in the 
fluorescence spectra, as might have been expected in view of the fact that both 
types of emission are associated with transitions from the lowest lying excited 
levels (the singlet in the case of fluorescence and the triplet in the case of 
phosphorescence) to different vibrational levels of the ground state. Inasmuch 
as the bands were rather broad (100-150 cm-l), the observed coincidence was only 
approximate and no detailed vibration analysis could be made. 

If, however, one takes one of the normal saturated hydrocarbons as the sol- 
vent, the bands become narrower or split into "lines'’ so that their wavelengths 
can be determined to within 2-3 cm=l1. In this manner, for example, one of us in 
collaboration with Girdzhiyauskaite2 investigated the orange-yellow phosphores- 
cence spectrum of pyrene, which has a very simple structure, and carried out a 
vibrational analysis, which showed that the frequencies observed in this spectrum 
can readily be reduced to three fundamental frequencies, namely, 406, 1238 and 
1450 em7~1. These are the "strongest" frequencies by means of which the fluores- 
cence spectrum of pyrene can be interpreted (i.e., the band series can be identi- 
fied). 

2. The phosphorescence spectrum of coronene, which was the subject of the 
present study, is appreciably more complicated. Before proceeding to a descrip- 
tion and analysis of this spectrum, it may be useful to enumerate some of the 
salient characteristics of the phosphorescence of coronene. Coronene has an ex- 
tremely intense phosphorescence, the spectrum of which extends from ~5000 A to 
58600 A with a very prominent peak in the green region. The integral luminescence 
intensity is about evenly divided between fluorescence and phosphorescence (McClure) 3 
hence after attainment of the steady state, the luminescence of coronene consists 
of blue gouGtescence and phosphorescence starting almost immediately next to the 
fluorescence megson and extending into the red range of the spectrum; consequently, 
to the eye the luminescence appears whitish’. The phosphorescence decay law is 
exponential (McClure, Bredel'); the decay constant T = 9 sec. While the growth of 
phosphorescence has not been studied quantitatively, it is obvious that the rise 
is ae aan slow inasmuch as the intensity continues to increase for several 
minutes. 

3. We recorded the phosphorescence spectrum of coronene either simultaneously 
with the fluorescence spectrum with excitation by the group of Hg lines at 3650 A 
(or by the 3135 A lines) or by means of a simple phosphoroscope with illumination 
by the unfiltered light from a PRK mercury tube. We used a number of different 
filters: black (Wood's) glass for isolating the 3650 A line group, a 35 mm thick 
liquid nickel-cobalt filter and a combination of UF2 (al travioleny ena ZhS9 (yellow) 
filters for selecting the 3135 A line group. : ne 

The spectra were photographed on different spectrographs. The preliminar 
work was done on a small glass optics Fuss spectrograph (plate factor 60 A/mm ms 
5000 A); more detailed spectrograms were obtained on a glass three-prism ISP 51 
spectrograph (plate factors 47 A/mm at 5000 and 87 A/mm at 6000 A). Hi ‘ 

; ; . gher dis- 
persion spectrograms were obtained for us by P.P,Feofilov on a diffraction t 
spectrograph in the second order with a reciprocal dispersion of 6.8 / pethee 
ly, very recently we assembled and toa i i ipa A(t aU 

put into operation a diffraction grating (150 
x 140 mm, 600 lines per mm) instrument having an aperture of 1:15 and yielding 
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(owing to a longer focal 
length) a plate factor of 
4.8 A/mm. The exposure 
times varied from 2 to 9 
hours. 
The cells containing 
the solutions were lowered 
directly into the Dewar 
with liquid nitrogen; hence 
the temperature was 77.3°K. 
4, Photographs of the 
same section of the phosphor- 
escence spectrum of coronene 
in different solvents are re- 
produced in Fig.l. These 
illustrate the general struc- 
ture of the spectrum and its 
variation depending on the 
solvent. Spectrum 1 in 
paraffin oil is character- 
ized by a "rough" structure. 
Here one can see two com- 
plete triplets consisting 
of broad bands (~150 cm71 
each). Hereinafter we shall 
refer to these triplets as 
the second and third triplets, 
respectively. Part of the 
first triplet, consisting of 
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6096,2 
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Fig.1. Phosphorescence spectra of coronene in differ- three weak bands, appears at 
ent solvents: 1) paraffin oil, 2) n-heptane, 2) n- the short wavelength edge of 


-octane and 4) n-pentadecane. 


the reproduced spectrum. 

One can see (spectra 2 and 3) that in 
n-heptane and n-octane each of the bands 
splits into a number of "lines"; there is 
also evident a certain simplification of 
the structure of the spectrum in going from 
n-heptane to n-octane. Lastly, photograph 
4 shows the spectrum in a hydrocarbon with 
an appreciably larger number of carbon 
atoms, namely, in pentadecane. It will be 
seen that here the “lines” again broaden 
and merge into bands, that differ little 
from the bands observed in paraffin oil 
and in ethyl alcohol. As indicated in an 
earlier communication‘, we associate these 
changes in the character of the spectrum 
with variation in the size of the c-axis 
of the solvent hydrocarbon unit cell as 
compared with the dimensions of the coro- 
nene molecule: the maximum dimension of the 
Fig.2. Spectrogram of the phosphorescence 
of coronene in heptane. I - intensity 
in terms of the number of photons. 
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Fig.3. Detailed luminescence spectra of coronene in n-heptane (a) and n-octane (b). 
1) Part of the first triplet, 2) second triplet, 3) third triplet. Spectra ob- 
tained on diffraction grating spectrograph; plate factor 6.8 A/mn. 


coronene molecule in the plane of the o bonds is 7.1 A, while the dimensions of 
the c-axis of the unit cell of the crystals of normal hydrocarbons, according to 
Robertson>, vary from 8.7 to 12.8 A in going from hexane to nonane. 

The true distribution of intensities in the spectrum when the solvent is hep- 
tane is shown in Fig.2. This spectrogram is a trace of the phosphorescence spec- 
trum of coronene in heptane, made on the recording spectrometer of Neporent & 
Kochkov® , and reduced so that the figures along the vertical axis give the intensi- 
ty in terms of the number of photons. The sharp rise in intensity in the green 
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part of the spectrum (5400 to 5600 A) is clearly evident. It was impossible to 
record the longer wavelength section of the spectrum owing to the low sensitivity 
of the photomultiplier in the orange-red region. 

os We can now turn to a more detailed description and analysis of the spectra. 
Above it was noted that the entire spectrum can be represented in the form of three 
triplets differing appreciably as regards their fine structure. 

The first triplet consists of three groups of four lines each (Fig.4). The 
intensities of the groups alternate: weak, medium, weak. The three groups dupli- 
cate each other as regards separation of the lines within each group. Parts of 
the first triplet section of the spectra in heptane and octane are reproduced in 
Fig.3 (spectrum 1, a & b). 

The second triplet also consists of three groups of lines, but there the 
groups do not repeat. This is clearly evident in Fig.3 (spectrum 2) which shows 
that as we go to longer wavelengths the lines come closer together but remain the 
same in number. 

The third triplet consists of groups of lines that appear to be doublets (Fig. 
3 - spectrum 3). Upon closer examination, however, it becomes apparent that at 
liquid nitrogen temperature these groups are poorly resolved even at the highest 
dispersion used in our measurements. The relation between the second and third 
triplets may be described as follows: for each line of the second triplet there 
is a corresponding close (AY = 14-15 cm!) pair of lines in the third triplet, 
located at a distance of 1350 cm-l from the corresponding line in the second tri- 
plet (see lower part of Fig.4). 

6. In our analysis of the flourescence spectrum of coronene we showed that 
in each solvent the spectrum may be repre- 
sented in the form of two series or se- 
quences exactly repeating each other in 
the wave number scale. These sequences in 
different solvents are shifted relative to 
each other by different distances (86 cm71 
in hexane, 70 cm-l in heptane, 34 cm! in 
octane, etc.), but within each series the 
separations in wave numbers do not depend 
on the solvent. From this we concluded 
that each of the series represents the 
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Fig.4. Diagram of fluorescence spectrum of coronene in heptane. 


electronic-vibrational spectrum of the coronene molecule Orta other words, sk 
much as each fluorescence emission occurs from the Lowest lying level of ED udats 
excited state, each series gives the structure of the vibrational levels o e 
eS aan that the phosphorescence spectra exhibit similar ShAT ARTETA BEG Ces 
“This is shown in Fig.4 which is a schematic representation of PRS OTRR RSA ei 
phorescence spectrum in heptane. Analysis of this diagram shows at i 
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Table 1 
Phosphorescence spectra of coronene solutions in n-hexane and n-heptane 
uinteiieiabnbipiintedce. ttiae tebe TDi ted Dotter ge a 


In n-hexane In n-heptane PAD Se 

AA vem? Ay, om73 1A v,cm—? Ay,cM—2 Av ,cm— 
So 2 3 h 5 6 7 

5159 19 375 0 5164 19 373 0 0 

5192 19257 118 5194 19 250 122 120 

5260 19 008 367 5259 19 007 366 365 

5293 18 888 487 | 5294 18 885 488 120-4365 

5349 18 690 685 | 5350 18 686 687 

5398 18523 852 5397 18 522 851 850 

5432 18 406 969 5433 18 205 968 120+850 

5490 18213 1162 5488 18217 1156 1157 

5510 18 146 4229 5509 18 147 1226 1226 

5563 17 970 1405 5563 17 970 1403 1405 

5574 17 937 1438 5575 17 934 1439 1435 

5630 17 757 1618 5631 17 753 1620 1618 

5634 17 744 1631 5635 17 744 1632 1630 

5790 17273 2102 5790 17 273 2100 

5791 17 265 2110 5794 17 260 2113 

5926 16 868 2507 5928 16 863 510 

5930 16 859 2516 5932 16 852 2521 1157+ 1350 

5954 16 792 2583 5952 16 797 2574 

5960 46 780 2595 5956 16 785 2588 1226+ 1350 

6014 16 624 2751 6015 16 620 753 

6018 16 609 2766 6019 16 608 2765 1405+ 1350 

6026 16591 2786 6029 16 584 2787 

6033 16575 2802 6035 16 569 2802 1435+ 1350 

6100 16 390 2985 6097 16 394 2979 

6015 16 377 2998 6104 46 380 2993 1630+ 1350 


the first two weak lines at 19,373 (very weak) and 19,425 em71 (weak) as corre- 
sponding to the O0O—O transitions, the spectrum can be represented in the form of 
two repeating sequences shifted 52 cm-! relative to each other. The weak intensi- 
ty of the first lines is readily explained by double forbiddenness, i.e., inhibi- 
tion with respect to intercombination (triplet—singlet) and with respect to sym- 
metry. The spectral pattern in hexane is similar except that the relative dis- 
Done FEL diane eaierren Say grace 4 em-1 instead of 52 cm-l, Finally, in oc- 

; are ry closely spaced: the constant frequency 
difference within the narrow doublets forming the phosphorescence spectrum in the 
hexane is 15 em7l. The important point is that all these series appearing in the 
spectra in different solvents agree within 1-3 cml, This will be apparent from 
a comparison of the third and sixth columns of Table 1. Thus each series must 
represent the sequence of vibrational levels of the ground state of the molecule 
Hence vibrational analysis for the values of Ay should yield the same frequencies 
as were obtained in analysis of the fluorescence spectra. The results of such 
analysis are listed in the last column of Table 1. It will be seen that the ob- 
np ies wave number differences can readily be reduced to the series 120, 365, 850 

: e e ? 
ce are then encountered again in combination with the wave number 
Some time ago Bowen & Brocklehurst? published data on the phosphorescenc 

spectrum of coronene in octane. The small single prism spectrograph used i . 
work did not bring out the "close doublet" splitting in octane. Hence th re hac? 
numbers must be regarded as mean values for both components of the doubl os a 
view of the closeness of these components should agree with our values * eee 
tected sequence regardless of the solvent. This is actually the ca ana oe 
the different spectral sensitivity of their photographic plate ener see be 
hurst were able to measure the spectrum much further into the red region a 
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Fig.5. Diagram of levels and transitions in the coronene molecule based on the 
fluorescence and phosphorescence spectra. 


Table 2 
Long wavelength part of the phos- 
phorescence spectrum of coronene 
in octane? 


Interpre— 


> A —t —t z 
pee Tog Y> oe ee 1 tat Ln 


6157 | 16240 3160 
6180 | 164180 3220 
6277 | 15930 3470 
6341 | 15770 3630 
6386 | 15660 3740 
6449 | 15505 3895 |1160*+2- 1350 
6472 | 15 450 3950 1230+2.-1350 
6504 15 380 4020 

6546 | 15275 4125 1405+2-1350 
6637 | 15070 4330 1630+2-1350 


* 1157 according to our data. 


spectra extend almost to 7000 A, whereas we were 
not able to record the spectra beyond 6000 A. 
Between 6000 and 7000 A, Bowen & Brocklehurst 
recorded 11 lines, so that actually the number 
of lines in this region doubtless exceeds 20. 

It will be seen from Table 2, which lists 
Bowen & Brocklehurst's data, that their results 
for the longer wavelengths region can be inter- 
preted in terms of repetition of the frequencies 
1157, 1230, 1450, 1630 and twice the 1350 cm7} 
frequency. 

We note that the 1350 cm-l frequency is 
distinctive: it is encountered only in combina- 
tion with other frequencies and each time it 
appears, the level it leads to is split in two. 
This will be evident from Fig.5 which shows a 
diagram of the levels and transitions in the 
coronene molecule, constructed on the basis of 
the fluorescence and phosphorescence spectra. 
This diagram shows that the levels deduced from 
the fluorescence and phosphorescence spectra 
actually do form a common system. The only 
levels not represented in the diagram are the 


2 


992 cm! and 3060 cm! levels corresponding to fully symmetrical benzene frequen- 
cies. This is probably due to deformation and, consequently, disturbance of the 
symmetry of the molecules in the triplet state. It may be noted that similar dif- 
ficulties in the interpretation of the fluorescence spectrum of benzene were ex- 
plained by Pesteil & zmer1i® precisely by deformation of the molecules in the 
triplet state. 

We desire to express our sincere thanks to B.S.Neporent and P.P.Feofilov for 
permission to use their equipment. 
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FLUORESCENCE SPECTRA OF FROZEN SOLUTIONS OF SIMPLE AROMATIC HYDROCARBONS 
- T.N.Bolotnikova 


The present study is part of an experimental series devoted to investigation 
of the fine structure of the fluorescence spectra of aromatic hydrocarbons in fro- 
zen solutions (77°K) of normal alkanes, being carried out under the general super- 
vision of E.V.Shpol'skii. 

A noteworthy feature of the previously investigated fluorescence spectra of 
solutions of polynuclear hydrocarbons (pyrene, 3,4-benzopyrene and coronene) is 
the fact that the fluorescence bands at 77°, which are relatively narrow (100- 
-150 em7~1) in the usual solvents (alcohols, paraffin oil), in normal alkanes split 
into narrow lines that are doublets or higher multiplets (up to 5 components in 
benzopyrene) .1»2 

It was thought that splitting is the most characteristic trait of this effect. 
Despite a number of studies, the reason for the splitting remained obscure. Analy- 
sis of the spectra was hampered by the lack of independent data on the vibrational 
frequencies in the ground state. 

In view of this it appeared expedient to investigate under the same conditions 
the spectra of the simplest aromatic hydrocarbons such as naphthalene and anthra- 
cene, the spectra of which have been studied and thoroughly analyzed under differ- 
ent conditions: in the vapor state, in solutions, in the crystalline state and also 
in solid solutions at low temperatures. 

Naphthalene. We obtained the fluorescence spectra of frozen solutions of 
naphthalene in normal pentane, hexane, heptane, octane, ethyl alcohol and paraffin 
oil. For purposes of comparison we also photographed the spectrum of crystalline 
naphthalene under the same conditions. Some of the representative spectra are 
shown in Fig.1, from which it will be seen that the sharpest solution spectrum is 
that for pentane, while the spectrum in heptane is already similar to the spectra 
of solutions in ethyl alcohol and paraffin oil. Thus in the case of naphthalene 
the character of the spectrum varies with the length of the molecular chain of 
*the solvent: increase in the number of carbon atoms in the solvent molecules leads 

to diffusion of the spectrum. A similar smearing out of the spectrum in longer 
chain solvents has been noted previously by Shpol'skii and his co-workers?:3 for 
solutions of pyrene, benzopyrene and coronene. However, whereas for these com- 
pounds the spectra proved to be sharp in the range from hexane to decane, in the 
case of naphthalene this "sharp spectrum" interval is limited to pentane alone. 
This is understandable in view of the small size of the naphthalene molecule (the 
length of the pentane molecule is 6.35 A; that of naphthalene is 6.4 A). 

Naturally, the sharpest spectrum, that of the solution in pentane, is the 
most convenient for detailed analysis and comparison with other spectra. Compar- 
ing the spectrum in pentane with the spectrum of crystalline naphthalene, we note 
the following. = 

1. The spectrum of the solution is shifted by about 170 cm to the shorter 

» wavelength side relative to the spectrum of crystalline naphthalene. oh 
2. The most intense lines in ak spectra can be matched, i.e., will coincide 
ectrum is shifted 170 cm™. . 
. “are the spectrum of the solution we note a weak line at NoU= ol, fol cm a 
which has no counterpart in the spectrum of erystalline naphthalene. The closest 
corresponding features in the spectrum of crystalline Pelparrsa are two weak 
bands at 31,476 and 31,642 cm71 (average value 31,559 cm™~). : : 

4. Further, there are no analogs in the crystal spectrum for a ae 5 wea 
‘lines; these include the lines at 31,073; 30,635; 30,575; 30,405; 29,48 oe 
29,009 cm7!, Moreover, in the spectrum of the solution there appears a wea 
‘satellite some 30-40 cm~! to the short wavelength side of each strong eae No 
‘such satellites are discernible in the spectrum of the crystalline material. 
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Oo. There are no analogs in the solution spectrum of the lines identified as 
being due to the frequencies of small amplitude vibrations of the crystal lattice 
of naphthalene (31,023 & 30,957 cm71). 

Analysis of the spectrum of the solution of naphthalene in pentane brings 
out the presence of two systems of lines (Fig.2): the first begins with the YS 
= Ob dod cm71 line; the beginning of the second system is the most intense line 
in the spectrum, namely, V3 = 31,236 cm~1, which is at a distance of 495 cm-l from 
Vo: The most intense and characteristic lines in the spectrum belong to this sys- 
tem. In the first system V3 is the beginning of a weak progression with a period 
of 1386 cm-l; in the second system there are two progressions with the same period: 
both begin at the two most intense lines in the spectrum, situated at 21,236 & 
30,804 cm), 

It is interesting and instructive to compare the spectrum of our frozen solu- 
tion of naphthalene in pentane with the spectrum of the solid solution of naphtha- 
lene in durene investigated by McClure#,5, 

The absorption and fluorescence spectra of naphthalene in durene were investi- 
gated by McClure using light polarized along the c' and b crystal axes, which are 
parallel to the short and long molecular axes, respectively. McClure observed two 
differently polarized line systems in the absorption spectrum of naphthalene in 
durene. The first system of lines, polarized along the b crystal axis, begins 
with the 0—0O band and is associated with symmetry-allowed Ai,— B3, type electron 
transitions. The other system is polarized along the c' axis (parallel to the 
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short molecular axis). Its appearance in the spectrum is explained by the influ- 
ence of the next higher electronic state of the molecule with symmetry B2, and is 
‘associated with excitation of i, type vibrations (only vibrations of this type 
can alter the polarization of bands). These vibrations are attributed frequencies 
of 430 and 905 cm7l corresponding to the separation of the first lines of the c' 
system from the initial b band of the system. McClure did not detect analogs of 
the 430 and 905 cm71 absorption frequencies in the fluorescence spectrum of naphtha- 
lene in durene.° McClure does not suggest a satisfactory explanation for this. 
Comparison of the spectra of crystalline solutions of naphthalene in pentane and 
in durene (Fig.2) shows that the principal lines of both spectra can be matched 
by shifting the spectrum in pentate some 177 em71, Clearly, the two systems of 
lines in the fluorescence spectrum of naphthalene in pentane correspond to the 
two differently polarized systems in the spectrum of naphthalene in durene. The 
two first lines in the second system in pentane are separated from the weak O0—0O 
band by frequency intervals of 495 and 927 cm-l; these frequencies cannot be clas- 
sified as fully summetrical inasmuch as it is evident from analysis of the differ- 
ent combinations that the fully symmetrical vibration frequency of the naphthalene 
molecule is 517 ecm7l. 

The correspondence between the two polarized systems in the spectrum in durene 
and the two systems in pentane gives reason to assume that the 495 and 927 em71L 
frequencies in the fluorescence spectrum of naphthalene in pentane are analogs of 
the 430 and 905 cm-1! frequencies in the absorption spectrum of naphthalene in du- 
rene. If these is indeed the case the spectra of frozen solutions of naphthalene 
in n-alkanes can be regarded as true molecular electronic-vibrational spectra. 

The slight fluctuations in the frequency differences can be explained by the in- 
fluence of the surrounding medium on the molecules. 
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Fig.3. Fluorescence spectra: la) anthracene in heptane, 1b) crystalline anthracene, 
2) 9,10-dichloroanthracene in hexane, 3) anthraquinone in hexane. Temperature 77 °Kal 


Anthracene. We investigated the fluorescence spectra of crystalline anthra- 
cene and its solutions in pentane, hexane, heptane, octane, nonane and decane at 
77K (Fig.3). The sharpest spectra are those of the solutions in heptane and hex- 
ane. The centers of the line groups in the solution spectra closely match the 
bands in the fluorescence spectrum of crystalline anthracene. 

All the observed lines may be interpreted as combinations of the following 
fully symmetrical frequencies of anthracene: 390, 1165, 1265, 1407, 1567 and 1645 
cm-l, Comparison with the fluorescence spectrum of a mixed anthracene-in-naphtha- 
lene crystal® substantiates our interpretation for most of the bands. It is sig- 
nificant that in the spectrum of the solution of anthracene in heptane there ap- 
pear no lines corresponding to frequencies that may be identified as combinations 
of the vibrational frequencies of anthracene with the vibrational frequencies of 
the naphthalene crystal lattice. Hence the molecular character of the fluorescence 
spectrum of the anthracene solution in heptane cannot be questioned. 

In addition to naphthalene and anthracene, we investigated the spectra of 
frozen solutions of 9,10-dichloroanthracene. Dichloroanthracene in solutions gives 
very sharp spectra in hexane and pentane (Fig.3). These consist of four groups 
of lines, the last three of which are separated by an interval of 1400 em-l (the 
fully symmetrical vibrational frequencies of anthracene and dichloroanthr 
molecules). 

Lastly, we note that anthraquinone also yields sharp fluorescence spectra in 
frozen solutions of normal alkenes (Fig.3). A frequency difference of 1665 cm71 
is clearly evinced in the fluorescence spectra of anthraquinone; this is associated 


acene 
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with the most intense lines in the spectrum and can be attributed to vibrations 
of the carbonyl bond. A regular periodicity is clearly evident in the spectra: 
the characteristic band groups repeat every 1665-1670 cm7!. 

Thus investigation of the fluorescence spectra of frozen solutions of hydro- 
carbons in n-alkanes shows that the structure of the sh 
of solutions of naphthalene, anthracene, 
is virtually independent of the solvent. 

Comparison of the spectra of frozen solutions of naphthalene and anthracene 
with the spectra of these compounds under other conditions gives reason to assume 
that the spectra not only of these frozen solutions but of all the other investi- 
gated substances are essentially molecular. This being the case the method of 
investigating the spectra in frozen crystalline solutions offers new potentialities 
for analysis of the spectra of complex molecules. 


The writer takes this occasion to thank E.V.Shpol'skii for guidance and con- 
stant interest in the work. 


arp fluorescence spectra 
9,10-dichloroanthracene and anthraquinone 
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OXYGEN INDUCED QUENCHING OF THE FLUORESCENCE OF HEATED ADSORBATES OF A 


NUMBER OF ANTHRAQUINONE DERIVATIVES 
- A.V.Karyakin 


Earlier we showed that the fluorescence of anthraquinone and its derivatives 
in the vapor and adsorbed states is quenched by oxygen in compounds which have 
electronic levels corresponding to wavelengths shorter than 500 mu. 

Of particular interest is the fact that the height of the electronic level 
and, consequently, the intensity of the quenching process depends on the position 
of the substituent group in the molecule. This can be understood if we take into 
account the presence of intramolecular hydrogen bonds in the anthraquinone deriva- 
tives in which the substituent group (OH or NHg) is in the @ position with respect 
to the carbonyl group. It has been convincingly shown by means of infrared spec- 
troscopy (measurement of the valence vibrations of the OH and NH9g groups) that 
intramolecular hydrogen bonds exist in such substances not only in the crystal 
but also in the vapor state.2,73 The formation of an intramolecular hydrogen bond 
in anthraquinone derivatives is accompanied by the formation of a new six-membered 
side ring which enters into electronic interaction with the remainder of the mole- 
cule through "conjugated'’ bonds, thereby promoting energetically advantageous 
sharing of the molecular electrons. At the same time, there occurs a redistribu- 
tion of the electronic density of the entire molecule*, which results in lowering 
of the electronic level. Thus it becomes clear why the absorption and lumines- 
cence spectra of q derivatives of anthraquinone are shifted to the long wavelength 
side with respect to the spectra B-derivatives.1} 

Formation of an intramolecular hydrogen bond lowers the reactivity of the OH, 
NHg and C=0 groups; this primarily affects the mobility of the hydrogen atoms. 
Thus, for example, the dissociation constant for Q-oxyanthraquinone is 3.2-10-12, 
while the constant for B-hydroxyanthraquinone is 2.4-10-8.5 In the case of Q- 
and B-aminoanthraquinones the dissociation constant differs by only one order of 
magnitude2, Specifically, it equals 8.1:107? ‘for Q-NHy and 7.4°10-16 for B-NHo.- 

The electronic level is not lowered in Q derivatives of anthraquinone in 
which the substituents are Cl, Br or NO5, owing to the absence of intramolecular 
hydrogen bonds in these derivatives. Hence no selective oxygen quenching of the 
fluorescence, i.e., quenching dependent on the position of the substituent, is 
observed in these derivatives of anthraquinone, although in all cases there is 
strong quenching of fluorescence by oxygen. 

However, in the case of a number of adsorbed derivatives of anthraquinone 
EN have erect rontc levels corresponding to wavelengths greater than 500 mu there 
is observed a noticeable quenching of fluorescence with excitation by the Hg 366myu 
line, ever though theoretically their fluorescence should not undergo quenching. 
Rivi o@ {Us epectran wisn 1s’ oxolted' up thevoscvan 1aaGi oman tela 
ing is observed if the sinGreeeenoe is if = d —“< oak ASS RE Lae a 
absorption band Further, it was noted aie bake ae panes! pain 

: ’ at upon heating of such adsorbates under 


vacuum to temperatures of 100 to 200°C the intensity of the yellow and red fluores-— 


cence bands is weakened and there appear blue and violet fluorescence bands with 
peaks in the wavelength region below 500 mu (Fig.1). When the adsorbates are 
cooled, the initial intensity of the long wavelength fluorescence band is restored 

Decrease in the intensity of the long wavelength fluorescence band of the adel 
sorbates occurs not only as a result of temperature quenching but also owing to 
appearance of a shorter wavelength fluorescence band. The latter is also strongl 
quenched by oxygen. Moreover, at elevated temperatures the long wavelength eae 
rescence band also undergoes quenching. Reversibility of the quenching, however 

? 


is not attained immediately after removal of the oxygen pressure but only after a 
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certain "aging" period in vacuum (10-12 hours). This 
indicates that the interaction of the adsorbed molecules 
with the oxygen in the process of quenching is not mere- 
ly superficial. 

To study this effect, we investigated the quenching 
of fluorescence of a number of adsorbates of anthraquin- 
one derivatives at different temperatures with excitation 
by the Hg 366 mu line. The adsorbates were deposited on 
the bottom of a quartz vessel and heated in a special 
furnace, the temperature of which was monitored and con- 
trolled by a contact galvanometer. Measurement of the 
fluorescence quenching of 1 ,4-dihydroxyanthraquinone 
(quinizarin) , Q-amino- and Q-hydroxyquinones showed that 


g00 mee aoe ads with increasing temperature the quenching either de- 
Fig.1. Fluorescence creases or remains constant. The decrease in quenching 
spectrum of 1,5-di- with increasing temperature is connected with changes 
hydroxyanthraquinone in the absorption of the adsorbates in the ultraviolet 
adsorbate: 1) in region (this was determined by measuring the scattering 
vacuum at 20°C, 2) 150 in this region). 
mm O5, 3) in vacuum at Thus, for 1,4-dihydroxyanthraquinone adsorbate, it 
200°, 4) 150 mm Oo at was found that the absorption in the ultraviolet region 
200°. I - fluores- is appreciably higher at room temperature than at ele- 
cence intensity in vated temperatures. It remained virtually constant in 
arbitrary units. the high temperature region (up to 200°). In the case 
of Q-aminoanthraquinone, which is quenched 
ly/t, ih appreciably more strongly (by 35%) than the other 


adsorbates (to 20%), the absorption in the 
ultraviolet region decreases in jumps, i.e., 

in the same manner as the fluorescence intensi- 
ty at the same temperatures (50, 100 and 150- 
-200°). In the case of aQ-hydroxyanthraquinone, 
| i. 30 60 90 120 m4 0, for which no change in fluorescence quenching 
Fig.2. Fluorescence quenching of with increasing temperature was observed, the 
1,5-dihydroxyanthraquinone adsor- absorption in the ultraviolet region remains 
bate at different temperatures. constant. 

In contrast to the above mentioned adsorb- 
ates, in the case of 1,5-dihydroxyanthraquinone the quenching of fluorescence in- 
creases with increasing temperature (Fig.2); its absorption, however, remains con- 
stant over the entire investigated temperature range. 

From the data on oxygen induced quenching of the fluorescence of 1,5-dihydroxy- 
thraquinone adsorbate at different temperatures one can calculate the thermal 
ctivation coefficient, i.e., determine the energy necessary for increasing the 
umber of molecules yielding the blue fluorescence. Quenching of the fluorescence 
£ the adsorbates by oxygen can be described by the kinetic formula®; 


Sele ksPon 

p 

here Jo is the intensity of fluorescence in vacuum, /p is the intensity of fluo- 
escence in the presence of oxygen, k, is the kinetic (thermal) coefficient which 
akes into account the quenching probability, the sum of the radii of the collid- 
g particles and the lifetime of the excited state, and P), is the oxygen pres- 


ure in mm Hg. 
Moreover, according to our experiments, the coefficient k; is also a function 


of the temperature; consequently: 
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ky = /(T) = ge—E/kT or In Ke a ee E[kT as Inc, 


where E is the activation energy. 

We have plotted the temperature dependence of In ki in Fig.3. Inasmuch as 
the equation (plot) for Ink, is a straight line, the activation energy E is given 
by the slope of the plot. Evaluation yields a value of el. be Kcal 

We believe the observed effects can be interpreted 


-tan, as follows. The excess vibrational energy resulting from 

65 absorption of the 366 mu light leads to rupture of the 
intramolecular hydrogen bonds in part of the adsorbed 
molecules. 

60 In the Q-amino derivatives the hydrogen bonds are 


broken up in a relatively larger proportion of the mole- 
cules than in the corresponding hydroxy derivatives owing 


ved to the fact that the hydrogen bond between the C==0 and 
NH9 groups is situated outside the principal molecular 
5.0 002 D003 7 plane. A molecule with a ruptured hydrogen bond has a 
; T different system of molecular levels, i.e., a system 
Fig.3. Variation of similar to that in B-derivatives. As a result of cleav- 
In Ay with 1/T. age of the hydrogen bonds, a certain fraction of the 


molecules yields the blue fluorescence which is subject 
to strong and reversible quenching by oxygen. 

In the case of adsorbed layers of the Q-amino and Q-hydroxy derivatives of 
anthraquinone and 1,4-dihydroxyquinone, heating promotes further break-up of the 
hydrogen bonds, but the relative fraction of the fluorescence quenched by oxygen 
either decreases with increasing temperature owing to decrease of absorption or 
remains constant (Q-hydroxyquinone) because not only the blue but also the yellow 
luminescence is quenched. [In the case of 1,5-dihydroxyanthraquinone, which has 
the highest lying electronic level, corresponding to a wavelength of 505 mu, heat- 
ing enhances the intensity of the blue fluorescence peaking at 460 mu and, conse- 
quently, the quenching of the integral fluorescence is increased. 


Conclusions 


1. In anthraquinone derivatives with the substituent group in the q@ position 
the electronic level from which the fluorescence-producing transitions depart lies 
appreciably lower (it corresponds to wavelengths > 500 my) than in the correspond- | 
ing B-derivatives, owing to the presence in the Q-derivatives of an intramolecular 
hydrogen bond between the OH or NHo substituent group and the C=—=0 group. | 

2. The fluorescence of adsorbed anthraquinone derivatives having an electronic. 
level corresponding to wavelengths shorter than 500 mu is not quenched by oxygen 
when the luminescence is excited at the long wavelength absorption maximum. | 

3. With excitation at the short wavelength absorption maximum, the fluores- _ 
cence spectrum becomes broader owing to increase in the intensity of its short 
wavelength part which is subject to quenching by oxygen. Heating of the adsorb- 
ates favors this process and sometimes results in the formation of new quenching 
maxima (at 450-460 mu). At the same time the intensity of the long wavelength 
fluorescence is reduced. 

4. Fluorescence in the region below 500 mu in the case of anthraquinone deriva- 
tives with the substituent in the @ position occurs owing to rupture of the intra- 
molecular hydrogen bonds in part of the molecules as a result of absorption of a 
certain excess of vibrational energy. Oxygen produces an equally strong quenching 
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of the short wavelength fluorescence bands of heated adsorbates. 
elevated temperatures, 


some extent. 


6. We evaluated the thermal (quenching) coefficient for 1,5-dihydroxyanthra- 
quinone adsorbate and found it to be 1.6 Kcal. 


In addition, at 
the long wavelength absorption band is also quenched to 
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DISCUSSION 


D.N.Shigorin: We established the existence of stable intramolecular hydrogen 
bonds in the Q-hydroxy and Q-amino derivatives of anthraquinone; the hydrogen 
bonds persist in the vapor state at least to temperatures of 280-300°C. The strong 
influence exerted by the hydrogen bond on the electronic and vibrational spectra 
of anthraquinone derivatives is shown in the table below. 

These data indicate a 
definite parallelism between 


Infrared 
vapor the vibrational and electron- 


F Electronic ab- | Fluores— 
sorption cence 


spectra spectra, | spectrum, A 
Compound (Finkel .Shigori ce yeas ic spectra of the molecules 
cere Fe [state* |\yo4,cmt in question. The absence of 
alcohol | Vapor (Shigorin) Quenching by oxygen in the 
: : : case of q@ derivatives of 
ap 312 180 anthraquinone is apparently 
et semi none 402 385 550 ~3100 ( w) ** connected with the fact that 
aN E 375 320 450 3620{s)** in excitation of the mole- 
ee eon nh = gal eti cules the active state of the 
7 3 ” : i 425 392 ~3100(w) C==0 group is utilized for 
: 3620(s) g¢trenghthening the intramole- 
1—aminoanthraquinone 480 420 530 3310 (s) Bend < 
3485(s) cular hydrogen bonds or en 
. aaa " 450 360 470 3210(s) hanecing the interaction with 
| vee the Q substituent. Thus there 


can occur a substantial lower- 
ing of the electronic level 
and, moreover, the C==0 group 
in Q@ derivatives of anthra- 
quinone may prove to be inactive with respect to paramagnetic oxygen molecules. 
Increase in the strength of the interaction in the hydrogen bond linkage in the 
excited state of the molecules is proved by our data on the fluorescence of frozen 
solutions of @ and B derivatives of anthraquinone. This is in agreement with the 


*A.V.Karyakin, Zhur. fiz.khim. , 23,1346 (1949). 
** w — wide band; s — sharp band. 
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concepts of A.N.Terenin, relating the presence or absence of quenching of fluor- 
escence of anthraquinone derivatives with the relative arrangement of excited 
singlet and metastable (triplet) levels. 

A.V.Karyakin: Our experimental values for the long wavelength absorption 
peaks in the spectra of anthraquinone and its derivatives in the vapor state 
differ somewhat from those given by Shigorin, namely, we obtained 325 mu for 
anthraquinone, 380 my for Q-hydroxy- and 375 mi for B-hydroxyanthraquinone and 
435 mu for the Q- and B-amino derivatives. In my opinion the explanation pro- 
posed by Shigorin for the absence of quenching in the Q-derivatives of anthra- 
quinone must be rejected, inasmuch as the presence of an intramolecular hydrogen 
bond primarily affects the position of the electronic level. Quenching of the 
fluorescence of anthraquinone derivatives has been discussed at length in some 
of our publications, wherein we have shown that the occurrence of quenching is 
correlated with the relative locations of the excited singlet and metastable 
(triplet) levels. 
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EFFECT OF THE POSITION AND NATURE OF THE SUBSTITUENT ON THE FLUORESCENCE SPECTRA 
OF ANTHRAQUINONE DERIVATIVES IN FROZEN SOLUTIONS 
- D.N.Shigorin, N.A.Shcheglova & R.N.Nurmukhametov 


The present investigation was concerned with the fluorescence spectra of 
highly dilute (1074-1075 mole/liter) solutions of anthraquinone and its derivatives 
at liquid nitrogen temperature (77°K). The solvents were n-hexane, n-heptane and 
n-octane. The spectra were obtained by the Shpol'skii procedure. The luminescence 
was excited by the 365 mu group of mercury lines, the source being a PRK-2 tube 
equipped with a Wood filter. All of the investigated substances were purified 
either by repeated vacuum distillation or recrystallization from dioxane or al- 
cohol. 

A fine vibrational structure was obtained in the fluorescence spectra of an- 
thraquinone and its B-derivatives: B-chloro-, B-methyl-, and B-aminoanthraquinone 
(Figs.1,2 & 3). 

We turn first to the spectrum of anthraquinone itself. The general appearance 
of the spectrum was the same in different solvents, which indicates that it belongs 
to the anthraquinone molecule. The spectrum is complex and contains a large number 
of lines (from 24 to 58). It is difficult to interpret the vibrational structure 
in view of the large number of normal vibrations associated with the anthraquinone 
molecule. This molecule is planar and belongs to the D,., =V, symmetry group. 
Eight different kinds of vibration are possible for this symmetry group. The total 
number of vibrations is equal to 46. Analysis shows that there are several vibra- 
tions pertaining to each type of symmetry. 

Very intense (principal) electronic-vibrational bands divide the anthraquinone 
spectrum into several sections, in each of which the appearance of the spectrum is 
repeated. In turn, the principal bands are split into several components. The 
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Fig.1. Fluorescence of anthraquinone in normal hydrocarbons (c ¥ 1074-1075 mole/ 
fliter) at 77°K: 1) hexane, 2) heptane, 3) octane. 
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Fig.2. Fluorescence of @-chloroanthraquinone in normal hydrocarbons (c ~ 1074-1075 
mole/liter) at 77°K: 1) hexane, 2) heptane, 3) octane. 
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Fig.3. Fluorescence of 2-methylanthraquinone in normal hydrocarbons (c = 1074-10-5 
mole/liter) at 77°K: 1) hexane, 2) heptane, 3) octane. 
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indicates that the C=-0 vibrations are anharmonic. 
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fact that they are actually band components and not merely closely spaced lines 
follows from a comparison of the spectra recorded in different solvents 
the number of components and the nature of the 
hexane to octane, while the position of the bands and the separation between them 
are preserved (see table). The most intense electronic-vibrational bands of an- 
thraquinone are split into three components in hexane and octane. The longest 
pavelength component is the most intense in hexane, while the middle component is 
ee post intense in octane. The principal band of 6-clhoroanthraquinone in hexane 
is split into four components. The shortest wavelength is the weakest, the second 
component is the most intense; the third and fourth components have “nat: the same 
intensity. Only three components remain in the B-chloroanthraquinone spectrum in 
octane, and here the longest wavelength component is the most intense. As one goes 


to longer wavelengths, there is clearly evident a tendency to equalization of the 
component intensities. 


since 
splitting change in going from 


Wave number 


sosition of one of thie ‘com, differences, cm 
d 


re ponents in principal bands, A a3 
Compound Sea 
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Anthraquinone: 

in hexane 4591 4972 1662 1638 
in heptane 45714 4951 1647 1644 
in octane = 4948 1662 1637 
@-Chloroanthraquinonce: 

in hexane 4580 4960 5406 5928 1673 1664 1632 
in heptane 4573 4952 5398 5925 1673 1668 1649 
in octane = 4953 5399 5930 — 1667 1660 
Roe thylanthraquinone: 

in hexane 4573* 4946 5390 5913 — 1666 1641 
in heptane 4562 4939 5380 9895 1672 1660 1623 
in octane 4573* 4942 5385 5906 — 1666 1639 
?_Aminoanthraquinone: 

in héxane 4970 5418 5961 — 1663 1643 


*Diffuse line 


The general appearance of the spectrum is similar for all the compounds which 
exhibit fine structure; a triply repeated pattern appears in the regions between 
the intense bands. Corresponding components of these intense bands, like all the 
corresponding weaker bands, are separated from one another by a distance averaging 
1664 cm-l, i.e., the frequency characteristic of the fully symmetrical vibrations 
of the C=O group in the ground electronic state (see table). 

This wave number difference is somewhat greater between the bands in the short 


wavelength region and decreases monotonically in going to longer wavelengths. This 
These vibrations are evinced 


‘most actively in the electronic vibrational spectrum, both in pure form (principal 
bands) and in superposition on all the other frequencies present in the spectrum. 


Going from the violet to the red region, the intensities of these bands at first 


increase and then decrease; 


this is explained, in conformity with the Franck-Condon 


Sorinciple, by the 
‘electronic level. 
those frequencies 
els of the ground 


the lowest levels, are the most intense in the spectrum. 


increase in internuclear equilibrium separation for the excited 


Consequently, 


which c 
state, 


the probability of 0''--0' transitions is low; hence 
orrespond to transitions to the higher vibrational sublev- 


rather than the frequencies associated with transitions to 
Actually, the number of 


intense bands in the spectra is rather large. 
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We did not investigate the 
nature of the splitting of the 
electronic vibrational levels in 
detail. The character of this 
splitting is presumably connect- 
ed with the orientation of the 
fluorescing molecules in the 
crystal lattice of the solvent. 

The aQ-substituted: deriva- 
tives of anthraquinone yielded 
spectra which differed markedly 
from those described above. 

They were strongly shifted to- 
ward the red and consisted of 
rather diffuse bands. The band 
pattern was not even roughly 
similar to that of the anthra- 
quinone spectrum. In fact, some 
Q-derivatives (specifically, 
Q-amino-anthraquinone) yielded 
no visible fluorescence at all 
with excitation by the Hg 365 
mu line. 

Fig.4. Fluorescence spectra of antRraquinone We recorded the spectra of 
derivatives: 1) Q-hydroxyanthraquinone (5558 4); the following Q-substituted de- 
2) 1,8-dihydroxyanthraquinone (5410 4); 3) 1,4-  rivatives: Q-hydroxyanthraqui- 


dihydroxyanthraquinone (5248 2); 4) a-chloro- none, Q-chloroanthraquinone, 
anthraquinone (5200 Q; 5) 1,5-dichloroanthra- 1 ,5-dihydroxyanthraquinone, 1,8- 
quinone (5220 2); 6) B-hydroxyanthraquinone; -dihydroxyanthraquinone and 

7) 1,5-dihydroxyanthraquinone (5680 8). The 1,4-dihydroxyanthraquinone. 
values in parentheses are the wavelengths of These spectra are shown in Fig. 
the initial bands. 4, together with the spectrum 


of B-hydroxyanthraquinone. 

The spectrum of B-hydroxyanthraquinone merits particular attention. Like 
the Q-derivative spectra, the spectrum of B-hydroxyanthraquinone consists of dif- 
fuse bands shifted into the red region. This can be explained by the persistence 
of intermolecular hydrogen bonds in this compound even in neutral solvents and at 
low concentrations. Evidently, the B-hydroxyanthraquinone molecules are associ- 
ated (dimers or higher polymers) in all the tested solvents. The presence of 
intermolecular interaction affects the n-electron (communal electron) system of 
the molecules and leads to a strong increase in the probability of energy redis- 
tribution among the vibrational sublevels. 

One can explain the differences between the electronic and vibrational spec- 
tra of the Q- and B-derivatives of anthraquinone by considering the peculiarities 
of their molecular structures. On the one hand, in Q-derivatives the substituent 
(OH, NHo; etc.) can interact with the C==0 group; this leads to formation of an 
intramolecular hydrogen bond or at least to strong influence of one group on the 
other. On the other hand, a substituent (CH3, NHo, Cl) in the B-position cannot 
interact with the C=0 group. The presence of intramolecular hydrogen bonds and 
strong mutual influence between the C=0 group and the substituent in Q-derivatives 
of anthraquinone should obviously affect both the positions of the electronic and 
vibrational levels in these compounds and the energy distribution within the mole- 
cules. This should be evinced in widening of the energy levels of the system, ac- 
cording to the relationship: tT*AE = h. The analogous effect is much weaker ton 
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B-derivatives in view of the fact that the substituent and the C==0 group cannot 


enteract directly. This ‘a hydrogen bond comprised in the m-electron system ef- 


fects the position of the electronic level, and in many cases lowers it greatly. 


Even P-substituents that do not form hydrogen bonds may have some effect on 
the position ef the electronic level. In this case, the substituent and the 
pO group may influence each other through the s-electrons inasmuch as they each 
interact simultaneously with the same carbon atom. 

In the electronic spectra of molecules we are dealing with an excited state 
of the x-electron system. The greatest share in "responsibility" for the position 
of the electronic level in the molecules of anthraquinone and its derivatives in 
the excited state falls on the Cc—=0 group: upon excitation of the molecule the 
m-bond in the C=-0 group is greatly weakened (n—»r* transition with possible sub- 
sequent transition of the molecule to the triplet state“). Transition of the 
C==0 group into the active state as a result of excitation will only enhance the 
interaction at the hydrogen bond bridge. Thus, in the excited state of the mole- 
cule the participation of the hydrogen atom electron (or its P-orbit) in the x- 
-electron interaction evidently becomes more probable and appreciably more effect- 
ive. 

The interaction between the C==0 group and the Q-substituents which do not 
form hydrogen bonds should also be enhanced in the excited state of the molecule. 

Comparing of our data on the fluorescence of frozen solutions of anthraqui- 
mone and its derivatives with the data of Karyakin and Terenin® on the quenching 
of fluorescence by oxygen and nitric oxide, we note a certain parallelism between 
the selective quenching of fluorescence by oxygen and the changes in the electron- 
ic3 and infrared* absorption spectra of anthraquinone derivatives. 


References 


1. E.V.Shpol'skii, E.A.Girdzhiyauskaite & L.A.Klimova, Transactions of the 10th 
All-Union Conference on Spectroscopy, p.24, L'vov, 1957. 

Cue Ae. Terenin, Zhur-tiz.khim., 18; 1 (1944). 

3. A.V.Karyakin & A.N.Terenin, Izv.AN SSSR, Ser.fiz., 13, 9 (19429) AVekarya= 
eines churetiz.,kKhims;23, 1332 (1949). 

4, D.N.Shigorin & N.S.Dokunikhin, Zhur.fiz.khim., 29, 867 CleSa)s 


= AAne 


EFFECT OF EXCITATION ENERGY TRANSFER ON THE LUMINESCENCE OF MOLECULAR CRYSTALS 
- V.M. Agranovich 


Introduction 


Transport of the electronic excitation energy in molecular media in general 
and in molecular crystals in particular is an important process and in many cases 
strongly influences the principal characteristics of luminescence such as the 
"technical" quantum efficiency, the luminescence decay time, the spectral compo- 
sition and polarization of the luminescence, etc. The specific characteristics 
of energy transfer processes in molecular media are connected with the overlap- 
ping of the luminescence and absorption spectra. In view of this, transfer of 
electronic excitation energy can be realized in two ways in molecular media: 
first, as a result of resonance interaction of like molecules (exciton mechanism) 
and, second, as a result of reabsorption (emission of a luminescence photon at 
one point and its subsequent absorption at another point in the medium). Differ- 
ent authors hold different views regarding the relative importance of the two mech- 
anisms. Thus, Bowen! generally neglects reabsorption. On the other hand, Birks? 
does not take the exciton mechanism into account in his theory of the processes 
occurring in scintillation counters. 

We shall attempt to evaluate the contributions of both transfer processes 
further below. 

A number of authors3~§ have taken the exciton mechanism into account, but 
assume that exciton motion is primarily diffusive. In many cases, however, one 
cannot explain the long decay time of luminescence (Tcyr>> To1), the spectral 
composition and the polarization of luminescence solely on the assumption of dif- 
fusion of excitons. To explain these effects one must also take reabsorption in- 
to account. 

A number of attempts to do so have already been made. The studies in which 
some account is taken of reabsorption include the work of Galanin’, Birks? and 
Wright®, all of whom derive approximate expressions for the decay time and the 
quantum efficiency of the luminescence of crystals. We note, however, that only 
the results of Galanin? follow, at least in part, from rigorous theory and do 
not require the use of empirical constants and experimental parameters. 

A general theory of excitation energy transfer in molecular media should ob- 
viously take into account all possible mechanisms of energy transport. As will 
be shown below, the luminescence of both pure and impurity luminophors can be 
treated within the framework of such a general theory. 

We shall consider three basic questions. In the first section, we shall out- 
line a general phenomenological theory of energy transfer in molecular media. In 
the second section, we shall consider the concentration dependence of the contri- 
butions made by different mechanisms active in the transfer of electronic excita- 
tion energy from the host substance to the impurities. In the third section, we 
shall discuss the results of quantum mechanical calculations of the probability 
of transfer of energy by a free exciton to an impurity molecule. 


1. Theory of electronic excitation energy transfer 


It has been definitely established by a number of experimental studies that 
regardless of the energy and type of particles that excite the luminescence of 
molecular crystals, the spectral composition of the luminescence is always the 
same and corresponds to the electron transitions from the lowest lying excited 
state (metastable) to different levels of the ground state. Thus there is high 
probability of nonradiative transitions of the system from high-lying pets 


is realized from states corresponding 
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states to the lowest excited state. 


Hence it may safely b 
radiative (reabsorption) and Wendt ny y be assumed that both 


tive (exciton) energy transfer in a crystal 


to these low - i 
electrons. est-lying excited states of the 


eee eg ee se gon theory 110 a number of different types of exciton 
’ g excitons and localized or trapped excitons) may 
poxrespond to the molecular electronic term in a crystal. Taking this diversity 
of exciton states into account may prove important in investigating polarization 
particularly at low temperatures, inasmuch as the polarization of luminescence ; 
deriving from different exciton states differs and at low temperatures one can 
apparently, justifiably speak of the relative stability of different exciton 
states. At sufficiently high temperatures, the lifetime of a given excited state 
as regards transition to a different exciton state may become appreciably shorter 
than the lifetime of electronic excitation with regard to de-excitation by emis- 
sion of a luminescence photon. In view of this, it would appear justifiable, at 
least from the standpoint of a phenomenological theory, to speak of a single 
"averaged" type of exciton. 
Let Ci(ri, t) be the concentration of excitons at point r at the instant f. 
Let us assume for the sake of simplicity that our luminophor occupies the half 
space of positive values of x. If the luminescence is excited by light, we can 
write the following integro-differential equation for the concentration function: 
OC, = ay —k(v)Jr—14 
—1 = DAC, — PC, + Dye-# +z\ E (v) 4(v) k(v) dy \ Cy (ryt) av 
0 
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Te 


fea] 
P 
t+ee\ £O)no)kO)a (Ct) 
0 Vv 
Here D is the diffusion coefficient for excitons, P is the total probability 


of “disappearance” of an exciton in 1 sec, 7(v) is the quantum efficiency with ex- 


et (vy) |r—Fel 


r, (cos6) dV,. (1) 


|r—ro|? 


_Ccitation by light of frequency v; E (vy) = p(») Le (dy; 0) is the probability density 
'of emission (in any direction) by the exciton of a’photon of frequency v; k(v) 


is the absorption coefficient for light of frequency v in the crystal, k is the 
coefficient of absorption of the incident light and the vector re =(—wd1,y1, 21). 
Equation (1) is applicable to an isotropic medium and only when the luminescence 
is not polarized. In the general case the calculations become more complicated. 
The approximation assumed in Eq.(1) is inadequate for investigating the 

polarization of luminescence. It can however be fully satisfactory for calculat- 
ing such quantities as the "technical'’ quantum efficiency, the spectral composi- 
tion of the luminescence and the decay time. These characteristics of lumines- 
cence were found exactly by the author and Yu.V.Konobeev from Eq. (1), without 


determining the form of the function Ci(r, t), by a method developed from that of 


Ambartsumyan11 (for more details see Ref.12 where phosphors of any arbitrary thick- 
ness are treated). The efficacy of the indicated method is due to the fact that 
the above mentioned characteristics can be expressed in the ne) of integrals of 
the function Ci(r, t). The expression is, obviously, simplest in i Sis when 

one neglects diffusion of excitons (D = 0) and reflection of the luminescence from 


the internal surface of the crystal (reflection coefficient fr, cos 0 = O. In this 
"case the yield B(v, 6) of luminescence emerging from the erystal at an angle @ to 
the external normal, evaluated per 1 em? of the surface z= 0, is given by 


Biv, 6) = aut 1R (b(y) sec 8,7), (2) 
h e Co 0, C,(0,n) 
Bee R(m 1) = — oe si 
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k : i i cence frequenc 
(=p b= ye ky =k(v) and ¥% is the mean value of the lumines q y 


for which the reabsorption is maximal. The function C,(0, y)=¢(x) satisfies the 


integral equation (z= =) 


co 1/b(v) 
e(x)oly) 
9 (0) =1+2\ a(v)b(») dy \ et dy. (4) 
0 0 
The function a (v) = E(v)n() is usually nonzero in some narrow frequency interval 
(v=). Hence Eq. (4) can be approximated by 
{ 
p(x) = ae P(x)o(y) 
EY aliases \ 2 dy, (5) 


(oJ 


where g=2 \ a (9) dy, q<1. The function (zr) for q<0.4 is given approximately by 
0 


o(a)=14+ $eln(t1+—). (6) 


Table 1 
Values of the function ¢9(z) 


0,4 | 0,5 | 0,6 | 0,7 | 0,8 | 0,9 0,90 
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The values of the function 9(z) satisfying (5) with g>0.4 are listed in 
Table 1. If the a(v) curve is not sufficiently sharp, the values of the function 
p(x) can be refined by the method of iteration, substituting the solution of (5) 
in the right-hand part of Eq.(4), and so on. Summing (2) over all solid angles 
of the hemisphere, we obtain the "technical" quantum yield as a function of the 
frequency y. In order to find the luminescence decay time, we must also solve 

. *It can be shown from energy balance considerations that the total "techni- 
cal quantum yield of a semi-infinite crystal neglecting exciton diffusion is 


given by Qtech = 1S o(—), where Q is the yield of the crystal without re- 
absorption. Vi-qg \Y 


~~ 4 = 


* 


e 
° 


the following two equations 


1/b(v) 


8 


(7) 


dy 


9(y)o(y) 
“u+y 


1+ x9(x)\ av) b(dy 


0 (x) 


a(v) b (v)dy \ 


0 


(8) 


o(y)e(y) 
; t+y ny 


1/b(v) 


(x) = 1 + 6 (x) —6(x) + xo (x) 
These equations are simplified in the q-approximation to 


and 


(v) << ky, 


he q-approximation are given in Tables 2 & 
integral" time Tyz (both in 1/P units) 


In the region of the luminescence spectrum,where k 
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are given by the following expressions: 


(9) 


ty (x) = 6(x) + 6 (00) —1, 


(10) 


Table 2 


Values of the functions 6(z) 
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as will be evident from the formulas 
12 


*The auxiliary functions 0 (a) and o (wx), 
below, determine the luminescence decay time. 
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Values of the function (2) 


821 2,330 3,264 
,824 2,345 3,297 
829 2,306 3,319 
,827 2,374 3,341 


= 4958 


q 
0,4 | 0,5 | 0,6 | 0,7 | 0,8 
1 1 1 il 

145 1,198 1,278 1,387 4,608 
219 1,305 1,447 1,659 2,073 
272 1,404 1,588 1,904 2,489 
, 320 1,479 1,705 2,103 2,878 
, 364 1,538 1,818 2,219 Oneal 
393 4,594 1,908 2,447 3,099 
,434 1,644 hes: 2,093 3,835 
,445 1,693 2,045 2,709 4,113 
,470 1,720 2,107 2,823 4,363 
492 1,755 2,170 2,935 4,621 
, 606 1,935 2,963 3,904 6,288 
,678 2,066 2,747 3,965 7,208 
, 692 2,425 2,858 4,292 7,921 
, 134 2,166 2,941 4,451 8,353 
139 2,194 2,995 4,577 8,715 
, 762 PPh] 3,041 4,671 8,982 
, 769 2,223 3,067 4,754 9,138 
, 768 2,248 3,096 4,798 9,316 
aS 2,208 3,116 4,862 9,445 


5.028 10.33 
5,233 10.54 
5,296 10,68 


1 
2,252 
3,304 
4,436 
5,407 
6,410 
7,361 
8,169 
9,084 
10,004 
10,857 
17,037 
20,985 
23,829 
26,20 
27,79 
29,005 
29,952 
30,734 
31,582 
37,032 
38,198 
39,207 
40,177 


Table 3 


The values of ty and Try for q> 0.4 are given in Tables 4 & 5. 
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(11) 


(12) 


Thus the deduced expressions agree with the formulas obtained earlier by the 


author!3 by an approximate procedure. 
without the applicability criterion x1. 


O(x)=1+x {a (») b(») dyn 


Inserting (13) into (9), we obtain 


This expression also agrees with that obtained by Galanin’. 
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co 
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In this case Eq.(7) yields 


1+ 55). 


ayy ae teed = \£) 1 (v)dv [1+20() In (1 + aa) | : 
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(13) 


(14) 


Taking into account the reflection of luminescence i 
ncreases T some : 
this effect is small, the increase is given by ie 


tse} 


Acs 3 \a (v) b (y) dy 
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or in the q-approximation by 
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1/b(v) 


zdz 
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zdz 
Se 


(15) 


(16) 


Eq. (11) was first derived by Galanin? but 
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To compare theory with experiment one must kno 


The frequency dependences of 


as functions of y. 
iterion below) when reabsorption is neg- 


experiments with very thin films (see cr 
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Table 4 


0,4 0,5 0,6 0,7 0,8 0,9 0,95 
1,374 | 1,581 | 1,909 | 2,499 3,608 . 
1,425- | 4,644 |4.983 | 27575 3691 7366 14°72 
445494) 4,682 |/2,033-.| 2/625 | 3764 7, 44h 1482 
1.475 5744 92,072.12" 677 3,827 7522 14/90 
ea 785. 2, 008. | 20720 3,886 7,597 14,99 
fC eoo ee MCTSS Wile: 132 1230757 3,936 7,674 15,08 
Peitee Tile) 2ASh Ie 2799 3,986 7,743 15.18 
Deedee) 91.787 VI) 2.4752 12, 920 4,027 7,799 {5,27 
1,536 | 1,800 | 2:193 | 2'846 4,069 130 15,36 
1,544 | 1,814 | 2,208 | 32'869 4,104 7,937 15,45 
H55t 5 1,820 | 2.30% 3‘ go0 4,138 7,997 15,54 
4,502 | 4,882 | 21325 | 3/014 4,370 8,458 16,29 
1,613 | 1,914 | 2,364 | 3,096 4,497 8,736 16,84 
1,622 | 1,930 | 2,390 | 31445 4,582 8,933 17,24 
1,632 | 1,944 | 2.441 | 31475 4,637 9,094 17,57 
1,635 | 1,951 | 2,419 | 3/196 4,680 9,194 17,82 
A GAde het, 955 4) 625482» |3206 4,713 9,273 18,02 
4,648). 4,951. | 2,435 | 3.227 4,736 9,334 18,17 
1,645. | 1,964 | 2,441 | 3/933 4,756 9,387 18,34 
1,648 | 1,969 | 2/449 | 3/248 4,770 9,437 18,44 
1,661 | 1,983 | 2,481 | 3,286 4,877 9,768 19,29 
1,663 | 1,990 | 2,487 | 3/208 4,902 9,842 19,48 
1,663 | 1,996 | 2,496 | 3,322 4,917 9,896 19,64 
1,664 | 1,996 | 2,498 | 3/335 9,960 19,90 

Table 5 
Values of Ty 
qd 

0,4 0,5 0,6 OMT 0,8 0,9 0,95 
“ht oe | mee Ra ae ye 2,96 5,50 10,50 
GeO MINE ASO ehow 4 (87% 02/32 3,17 5,82 10,97 
Sih Sealipet G3 eel Ge4 93: oho e244 3,30 6,04 11,28 
1,45 | 4,67 1,98 | 2,49 3,44 6,24 11,60 
1,47 hy gl ee es lame es 3,54 6,42 11,89 
1,49 M7 TaN 08 ? ach #260 3,59 6,57 12345 
2 SO de 2,09 wl 2,65 3,67 6,72 12,40 
joa 6 | 2.1 | 2,69 3,73 6,85 12,64 
Soom ved, 78a) 130 |3 62" 72 3,79 6,97 12/85 
feetemled 0p Ioeculbeyi ane, 3,84 pel 13,05 
Le eatewd BOAT \-=22., 78 3,90 7,23 13,26 
6 ie sa 28) “| ee, 93 4,22 7,95 14,74 
1,64 {60menl gat? 34 aAS,02 4,39 8,36 15,63 
1,61 Cy aie ey EE 4,50 8,63 16,24 
eens 93 92 39" | 3,44 4,57 8,85 16,75 
Seip see aia SAN Verne | 93,17 4,63 8,99 17,12 
Le B4e che A950 oben? 42e.%| 08520 4,67 9,10 47,42 
1.64 | 1,96 | 2,43 | 3,24 4,69 918 17,62 
4164 -| 4,96 | 2,44 | 3,22 4,72 9,24 47,87 
foGdee | 4,96 lah 092,44 le.8523 4,74 9,32 18,04 
4.66 | 1,99 | 2,48 | 3,25 4,87 9,76 19,17 
Pee 109 | 2,49 | 3,34 4,90 9,85 19,42 
1,66 4,99 | 2,49 | 3,32 4,92 9,93 19,63 
1,66 2,00 2,50 3,34 10,00 20,00 


w the variation of 9, n and k 
and 7 must be determined in 


The above enumerated quantities for anthracene were recently 
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Fig.l. Galanin's data on 
crystalline anthracene: 1) 
luminescence spectrum of a 
very thin crystal (virtual- 
ly zero reabsorption), 2) 
absorption spectrum / = 
=f), 3) yield (effici- 
ency). 
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Fig.2. Scheme illustrating 
energy transfer in a phos- 
phor in the presence of 
impurities. 
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measured at room temperature by M.D.Galanin who 
kindly made the results available to us (Fig.1). 
Calculations by means of the formula given earlier 
yield g = 0.72. The luminescence decay time for 
anthracene was measured by Wright®. His data for 
a thick crystal with excitation in the region of 
strong absorption (3000-3900 A) lead to Tyo} = 

= 6.4 + 0.2 mu sec and Tcy = 18.0 + 0.5 my sec, 
i.e., T.,/tmol = 2-81. It_will be evident from 
Fig.1 that k,~0.5-104 cm“!, In the 3000 A<aA< 
< 3900 A range, on the average, k >5-104% cm-l; 


hence == to — O.1. From Tables 4 & 5, we find 
=> < 
Ter ~ Pie) (for Ter = TT) ; 
Tmol a lae8 (for Ter = TID) ’ 


i.e., we obtain good agreement with experiment. 

In view of possible surface quenching of ex- 
citons, taking into account exciton diffusion will 
somewhat reduce the decay time. In the case of 
anthracene, however, where g = 0.72, this effect 
is small since owing to appreciable absorption 
most of the excitons remain far from the surface. 
Diffusion may become important either at small val- 
ues of g or in cases when the thickness of the crys- 
tal is less than the luminescence photon capture 
path. Since reabsorption is greatest for photons 
with v=vo, it is essential to take diffusion into 
account if the crystal thickness d<1/k, (for anthra- 
cene d<2u). Under these conditions the ratio 
Tor/Tmo] May be less than unity. 

The above results pertain to a semi-infinite 
crystal wherein exciton diffusion is negligible. 
General formulas taking into account both exciton 
diffusion and reabsorption have been derived by 
Konobeev and the author and are now being tabulated. 


2. Excitation energy transfer in organic 
phosphors with impurities 


In considering organic luminophors containing 
impurities, in addition to C,(r, t), one must intro- 
duce the function C,(r, t) characterizing the concen- 
tration of excited impurity molecules and write two 


integro-differential equations similar to (1) taking into account all the possible 


energy transfer processes. 


We shall not consider the resultant expressions here, 


particularly since they have been treated in some detail elsewherel4, 

In order to elucidate some of the qualitative characteristics of electronic 
excitation energy transport in impurity organic luminophors one can have recourse 
to relatively simple energy transfer schemes, either similar to those proposed 


by Bowen! and Birks2 


or somewhat more generalized. 


As we noted above, Bowen did 


not take into account the radiative mechanism of energy transfer from the host 
to the impurity, while Birks, on the contrary, neglected the exciton mechanism. 
Actually, both mechanisms should in principle be taken into account simultaneously, 
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for both have the same cause, namely, overlapping of the luminescence spectrum 

of the host with the absorption spectrum of the impurity. Both mechanisms are 
Bepresented schematically in Fig.2. Le N,,Ne, Ns and Na be the respective con- 
centrations of excited host molecules (X) , luminescence photons of the host Chvx) 
excited impurity molecules (#) » and impurity luminescence photons (hvy). We Beeiine 
that energy transfer from the impurity to the host material can be neglected. Fur- 
ther let A be the number of host molecules excited per unit volume by the incident 


light. In this case, utilizing the scheme pictured in Fig.2,we can write the fol- 
lowing set of equations: 


— wT = —_ kxy (Yj No kixN, — kixN, + kxNo, 
ON 

— sai = kyxNy —kxN, — kexN,— ky [Y] No, 
oN : 

= 3p = Nikxy (Y] + Noky (Y] — hiyNg — kyyNy + k'y (Y] Mg, 
ON, 


ohia kyyN3 — keyNy— ky [Y] Ng. 


The meaning of the coefficients k characterizing the probabilities of differ- 
ent processes will be evident from Fig.2; [Y] is the impurity concentration. 
The quantum yields of the host and the impurity are given by 


1 il 
Ix =  Nokex and Iy a 7 Nakey. 
Solving the above set of equations, we find 


a 1 
en Ly eet eat 
Kyx * kg eae Daina 


é 


I 
foes x 


k ‘ : 
(14 FY) (ee )—E te s +( oa hex as i (Y1) ee Ip. (18) 


If the impurity concentration is so high that self-quenching of the impurity 
molecules is possible, ‘iy must be regarded as a linear function of the impurity 
concentration, i.e., kiy=A\) + kQ[Y]. 

When quenching is absent (kix=kiy=0), We have 


Ixy =1-—Ty. 


If we neglect the exciton mechanisn, Eqs. (17) and (18) reduce to the equations de- 
rived by Birks?. And, on the contrary, if we neglect radiative transfer, we ob- 
tain Bowen's formulas. It is noteworthy that in both cases there are obtained 
identical concentration dependences, which is what enabled Birks to argue so suc- 
cessfully with Bowen. In the general case both mechanisms are operative. It fol- 
lows from Eq.(18) that Birks mechanism is significant only at Se ea low in- 
purity concentrations. This inference is substantiated by experiments One can 
also evaluate the concentration range wherein Birks' mechanism should be signifi- _ 
eant. The results of such evaluation are in agreement with the experimental data. 


3. Probability of exciton trapping by the impurity 
aC 8 


It follows from what has been gaid above that the exciton peace of energy 
transfer from the host to the impurity may prove to be the Bee : renee ae mead 
cases. In view of this, investigation of the exciton mechanism s ae age ar y Pe 
portant at present. The writer carried out quantum mechanical calculations o e 
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probability of capture of free excitons by impurity molecules.16 It was assumed 
that in the initial state the electron excitation energy belongs to the host mole- 
cules and that the impurity molecules are in the ground state. At large distances 
from an impurity center the state of the crystal is similar to the state of an 
ideal crystal in which an exciton wave is propagated. The wave function of the 
impurity crystal can be determined by the method of Lifshits.1’ In the final 
state the excitation energy is localized at the impurity. Under the influence of 
interaction of the optical electrons of the host and impurity molecules the sys- 
tem can go over from the above described initial state to the final state. 

The calculated probability value (for details, see Ref.16) agrees with the 
value obtained from experiment.° The temperature dependence of the impurity lumi- 
nescence yield, which is determined by the product of the energy transfer proba- 
bility from the host to the impurity multiplied by the probability of emission of 
a photon by the impurity, according to our calculations, is characterized by a 
curve with a maximum. Experiments carried out by Kucherov & Faidysh1l8 forathe 
anthracene-naphthacene system showed that such a maximum does appear in the region 
of high impurity concentrations. This is understandable if we recall that at high 
impurity concentrations the exciton mechanism of energy transfer from the host to 
the impurity becomes the predominant one. 

The appearance of a temperature maximum in the range of low impurity concen- 
trations is less probable inasmuch as under these conditions Birks' radiative mech- 
anism should predominate and the temperature dependence of the impurity lumines- 
cence yield will be determined not only by increase of the overlapping of the spec- 
tra but also (and this may be decisive) by temperature quenching in the molecules 
of both the host substance and the impurity. A temperature maximum in the range 
of low impurity concentrations may, however, appear in the case of substances in 
which the contributions from Birks' mechanism is small at all impurity concentra- 
LEO. 
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INFLUENCE OF THE THICKNESS OF DOPED ANTHRACENE CRYSTALS ON THE LUMINESCENCE 
OF THE HOST MATERIAL AND THE IMPURITY 


~ A.N.Faidysh 


Intense energy transfer from the host material to 
occur in anthracene crystals doped with naphthacene. 
energy transfer depends on the naphthacene concentra 
extraneous impurities and various other defects’, the absorption coefficient for 
the exciting light,® the temperature? and the size of the erystals.10 

In the present work we investigated the variation of the ratio Bo/By (Bo is 
the luminescence yield or quantum efficiency of the anthracene and B: is cnetvunie 
nescence yield of the naphthacene) with the thickness of anthracene crystals. 
Crystals of different thickness in the range from 0.15 u. to 200 pw were obtained 
by melting and solidification of a previously prepared mixture of anthracene with 
naphthacene between two glass plates under pressure. The luminescence was excited 
by the Hg 365 mu line. The luminescence intensity was measured by means of photo- 
cells, the output currents of which were amplified by an electrometric amplifier. 

The anthracene and naphthacene luminescences were separated by appropriate inter- 
changeable filters. Judging from the scatter of experimental points, the measure- 
ment accuracy was of the order of 20%. Apparently, the uncertainties are connect- 
ed primarily with a nonuniformity of the crystal film and the presence of micro- 
fissures. 

The most extensive measurements were made on anthracene crystals with a naphtha- 
cene concentration C; = 1°:107-4 mole/mole. The experimental curve for the varia- 
tion of Bj/B, with the dimensions of the crystals is shown in Fig.1. The curve 

has a characteristic break at about 0.9 uw. 
> it will be noted that with decrease of the 
crystal thickness from 200 to 1 uy the ef- 
ficiency ratio increases by a factor of 
about 2, while with further decrease of 
the film thickness from 1 to 0.15 u,B,/By 
increases by a factor of 3.3. This char- 
acter of the curve indicates that there are 


the impurity is known to 
1-6 The efficiency of this 
tion, the concentration of 


0 


a *g eg g M4F +o factors involved in the variation of 
Fig.1. Variation of B,)/B,; with the B,/By with the crystal thickness. 
size (thickness) of naphthacene doped Energy transfer in organic crystals 
anthracene crystals. can be realized in two ways: 1) radiatively 


through absorption of the host material lumi- 
nescence by the impurity and 2) by the exciton mechanism, i.e., as a result of cap- 
ture of excitons forming in the crystal by the impurity. It has been shown by a 
number of investigators4,9,11-13 that in anthracene type crystals energy transfer 
is due primarily to migration of excitons with their subsequent trapping by impurity 
molecules. The observed variation of Bo/B;, with the crystal size can be explained 
on the basis of the energy transfer mechanism. 

In thick crystals (d > 1 y) the effect of the crystal thickness on energy trans- 
fer is due to reabsorption of its own luminescence by the anthracene. As a result 
of reabsorption, the high frequency luminescence photons of the host give rise to 
excitons. Such formation of excitons must lead to decrease of Bo and increase of 
By. Lowering of the temperature pe ttl reduces reabsorption and consequently 

ize dependence of B i 
Ree avrin poaved, this effect 7 Be experiments when the temperature was 
reduced to -140°. 

The thickness dependence of Bo/B 
primarily to increased emergence of excitons 


j in the case of thin films (d <1 yp) is due 
to the crystal surface. The presence 
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of any sort of defects in the crystals should, obviously, favor annihilation of 
the excitons and, in particular, lead to increased exciton induced radiation in 
the host molecules adjacent to lattice defects.7,14 It may reasonably be assumed, 
therefore, that there occurs intense exciton annihilation at the crystal surface 
with accompanying enhanced radiation in the host molecules. With decrease of the 
anthracene film thickness, the fraction of excitons emerging to the surface increas- 
es with an accompanying increase in emission of the host molecules (i.e., of Bo); 
at the same time the number of excitons captured by the impurity decreases and 
hence the luminescence of the impurity molecules (i.e., B,;) is reduced. Hence we 
can expect an appreciable increase of Bo/B, (or decrease of Bj/By) with decreas- 
ing anthracene film thickness, when the excitons can more readily emerge to the 
back surface. An appreciable emergence of excitons to the back surface of the 
crystal begins at a film thickness equal to the sum of the depth of penetration 
of the exciting light and the mean exciton displacement (diffusion) length. For 
anthracene crystals the depth of penetration of } = 365 mu light (i.e., the depth 
at which the intensity of the light equals about 5% of the incident intensity) is 
approximately 0.6 uw. According to our calculations, the mean displacement of ex- 
citons is about 0.25 uy. Thus an appreciable rise in Bo/B; should begin at a film 
thickness of approximately 0.9 y. 

A quantitative calculation of the influence of the film thickness on Bo/By 
can be made on the basis of the theory of exciton diffusion in organic crystals, 
proposed recently by Kucherov and the writer. § 


The diffusion equation for excitons, taking absorption into account, igl5,16 
d? (r) — he ' ° 8 r ea alr—ri| 
D dx? SP Dee Sy Pe Pi a (29) 1 (v)dv \ f(r) Spe V1 = 0, (1) 
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where / is the exciton concentration, D is the exciton diffusion coefficient, 

@M, is the number of excitons forming in a unit volume per second with z= 0, p 

is the total probability of exciton annihilation as a result of luminescence, 
quenching in the host material and capture in the impurity, p; is the probability 
of radiative death of an exciton in the host material, k is the absorption coef- 
ficient for the exciting light, ki(v) is the absorption coefficient for the anthra- 
cene luminescence, and e(v)=—*” | where p(v) is the probability of emission of 


f e(v)dv 
0 


a photon with frequency v. Finally, «(v) characterizes the quenching with exci- 
tation in the anti-Stokes region. According to Galanin’, for anthracene a(v)=1 
up to X% 415 mu, while at )\ ~ 425 mu, « decreases by approximately 15%. For the 
region of reabsorption of anthracene luminescence one can take an average value 
O20 «98 Lored:, 

Absorption by the impurity (maphthacene) is insignificant and hence is dis- 
regarded in the above equation. 


As was done in Ref.6, we assume that the probability p is a linear function 
of the impurity concentration: 


P= Po piG:, (2) 


where p, is the probability of exciton annihilation as a result of luminescence 
and quenching in the host material, pj is the probability of exciton capture in 
the impurity, normalized to unit concentration, and Cj is the impurity concentra- 
tion. Assuming that intense exciton annihilation occurs at the surface, for cue 


boundary conditions we can set /(0)=0 and f(d ; 
ee — h 
the crystal. ) {/(d)=0, where d is the thickness of 
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In investigating the variation of Bo/By with the crystal thickness, we can 


psvedientily consider two extreme cases. In the first case. when the film thick- 
ness is less than 0.9-1 1, the reabsorption is ineigniticant and hence we can 
neglect the reabsorption term in (1). In the second case, we shall consider very 
thick crystals (in our experiments these have thicknesses of the order of several 
hundred microns), for which we can set qd =o. 
In the first case (d<1 uu), the general 


solution of the diffusi i 
ee... usion equation 


/Ac9) = Ae—rx a Bex ae Ce—kx | (3) 
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Here the parameter ) is the reciprocal of the exciton diffusion length, i-e2% 


In view of the linear concentration dependence of p, the concentration de- 
pendence of X will be 


h=oV1+4C;, (4) 


where }, is the value of X for Cj = 0 and y=p,/ po. 
The number of photons absorbed in a crystal volume of unit cross section is 
d 
= @ ie 
| Dre#d v= Se (1 — eta, (5) 
0 
Assuming that the impurity captures electrons only inside the crystal, we 
obtain for the luminescence efficiency of the impurity referred to the total ab- 


sorption in the crystal 
d 


O 
By =|Haxp3C;\ f(a) de] :-42 (1—e-*4), (6) 
0 
where H is a constant and a; is the molecular quantum efficiency of the impurity. 
Substituting the expression for /(x) into (6), we obtain 
HajyCi _k Mette del 
Bier [see Ete Ge 
The quantum yield of the anthracene is determined by the luminescence of the 
molecules both inside and on the surface of the crystal: 
d 
df\ |1,@ = 
Bo= |Hoxopo\ f(x) dx + SD(S) |: S81 —e-*9), (8) 
0 
where Hf, is a constant, a, is the molecular quantum efficiency of the anthracene, 


D(z) characterizes the exciton fluxes to the front and back surfaces of the 
dz 1,2 


erystal and § is the fraction of excitons annihilated radiatively upon emerging 


to the crystal surface. 
Inserting Eq.(3) in (8), we obtain 
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Further, from Eqs.(7) and (8), we obtain 
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(10) 


We determined the values of Ha), S, 4) and { earlier in investigating the con- 
centration dependences of the quantum efficiencies of base materials and the impur- 
ities. The respective values proved to be Hos) = 1, S = 0-7, hy = 10° and 7 = 10%. 
The value of the absorption coefficient * for anthracene with excitation by the 
Hg 265 mu line is 5-104 cm-!, Thus we have all the necessary values for calculat- 
ing the variation of BO/By with the thickness of doped anthracene films. Accord- 
ing to Eq.(10), for a naphthacene concentration Cj = 104 mole/mole, (Bo/Bido.4 ut 
: (Bo/Bi) iy = 1-25 and (Bo/B4)0.15n : (Bo/Bi)1, = 2-8- These values are in good 
agreement with experiment. 

The calculations taking reabsorption into account are considerably more dif- 
ficult. Such calculations are necessary, however, not only for establishing the 
erystal-dimension dependence of B)/B; but also for determining more precisely the 
functional dependence of the quantum efficiencies on the impurity concentration 
and the absorption coefficient for the exciting light. For the purpose of such 
calculations we must know not only the variation in the total number of excitons 
but also the variation in the electron density distribution over the depth of the 
crystal. 

In collaboration with L,Yu.Chechik, the author carried out an approximate 
calculation of the reabsorption. Unfortunately, the necessary simplifying assump- 
tions that had to be made seriously limit the range of applicability of the de- 
duced equations and may substantially reduce the accuracy of the evaluations based 
thereon. As in Refs.15 & 16, the principal simplification made is the assumption 
that the absorption coefficient 41 varies very slowly and may therefore be assumed 
to be constant over an appreciable part of the region of reabsorption. In our 
calculations we divide the luminescence spectrum into two regions: in one, where 
reabsorption is absent or negligible, we assume /; = 0; in the other, where the 
coefficient varies slowly, we take a mean constant value for k,. We further as- 
sume that the linear dimensions of the crystal surface are large so that edge ef- 
fects can be neglected. In this case / will depend only on x. On these assump- 
tions, Eq.(1) becomes 
a?}f (x —k,|r—1,| 

ga” + Dye — 7 (@) p+ Praak, | f(a) av, = 0. Poe 
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Integration is carried out over the entire volume of the crystal which is 
assumed to occupy the entire half-space of positive xr. The coefficient a defines 
the fraction of photons entering the reabsorption region, specifically, a2=0.6. 

Introducing the new variables 
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and replacing \ ——dt by pe** (Refs.15 & 16), we can bring the above equation 
to the form > 
d3} (z) wa i co 
dz? e ies hif (2) + Ur \/ (a) e—#(z—2) dz, = 0. 
0 
Inasmuch as the function e—I?-«l varies much more slowl i 
y than /(z), it can be 
taken out of the integral for the interval where Zz; is close to ea is the po- 
sition of the maximum of /(z)). a 8 


(12) 
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In this case Eq.(12) reduces to 
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where © 
A=\f (2) dy,. 
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For the boundary conditions, i.e., where /(x)=0 and f(co) =0 


Ofe(23)) is , a solution 
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Substituting the expression for / from (14) in (6) , when d= oo, we obtain 
the following expression for the quantum efficiency of the impurity: 


P= 2 14 2aur— ure—4?m (4 + w) ; (16) 
Dk5AB(2 + 8B) Ap. (A? — 2) — ur [2A — (A +p) @ 42m 
In the absence of reabsorption, we have 
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The luminescence yield of the anthracene can be evaluated by means of the 
formula 
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Here the first, volume emission term gives the yield of nonabsorbed lumines- 
cence, while the second characterizes the reabsorbed part of the luminescence. 
The factors Rj and Ry take into account the reflection of luminescence from the 
surfaces of the crystal. 

Utilizing Eqs. (14)-(18), we can analyze the influence of reabsorption on the 
total number of excitons, the variation of the exciton concentration with depth, 
and the luminescence efficiencies of the anthracene and naphthacene. As a result 
of reabsorption, the total number of excitons increases; according to our evalu- 
ations, the number of excitons increases by a factor of 1.45 for C; = 10-°, 1.2 
for Ci = 107° and 1.04 for Ci = 1074 mole/mole. As might be expected, at high 
naphthacene concentrations, reabsorption has latcle: etiect on Bae total number of 
excitons and, accordingly, little or no influence on the variation in exciton 
concentration with depth. At low naphthacene concentrations he pe Terie of re- 
absorption on the spatial distribution of excitons becomes significant. Thus, 
for example, at a concentration Cj = 107° mole/mole, the increment in the number 
of excitons due to reabsorption equals 9% at a depth z=0.02m 11% at 2=Zm , 

14% at z—2zm and 24% at z=4z,. At still greater depths inside the crystal al- 
most all the excitons owe their existence to reabsorption. Just as the total 
number of excitons, the quantum efficiency of the impurity varies as the result 


of reabsorption. 
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We carried out specific calculations for the influence of reabsorption on 
the luminescence efficiency of anthracene only for a naphthacene concentration 
of 107-4 mole/mole. For this case we obtained 


where Bgag is the surface luminescence in the absence of reabsorption and By, is 
the volume luminescence in the absence of reabsorption. 

At present it is impossible to determine the precise values of Ry and Ro. On 
the basis of our investigations of the luminescence spectra of crystals of differ- 
ent thickness it may be inferred, however, that approximately half the luminescence 
is reflected from the crystal surfaces. In thick crystals with a high naphthacene 
concentration, the reflected light is almost fully absorbed and the excitons formed 
in the process are captured by the impurity. Under these conditions Rj + 0.70; 
while Rg ~ 0.5. It follows that in thick crystals Bo is approximately 1.7 times 
smaller than Bo in thin crystals, where reabsorption can be neglecteu. 

Admittedly, the above tentative calculations allow of making only an approxi- 
mate evaluation of the influence ot reabsorption. Even in this form, however, 
they make it possible to enhance the accuracy of calculations related to processes 
involving migration and transfer of energy in organic crystals. 

More accurate evaluation of the influence of reabsorption must await further 
development of the pertinent theory and the accumulation of new additional experi- 
mental data. 
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WAVELENGTH DEPENDENCE OF THE POLARIZATION OF FLUORESCENCE OF MOLECULAR CRYSTALS 


- N.D.Zhevandrov, V.I.Gribkov & V.N.Varfolomeeva 


i a 
Earlier one of us~ attempted to clarify by polarization methods the role of 


free and Eee uped excitons in the luminescence of molecular crystals. 
sis 1s predicated on the fact that the transitions involving trapped a 
electrons are characterized by different polarization properties.2 The polariza- 
tion of transitions associated with trapped excitons is determined by the sym- 
metry of the molecules and their orientation in the lattice, while the polariza- 
tion of transitions associated with free excitons is determined by the symmetry 
of the crystal as a whole, so that these free exciton transitions are polarized 
along the crystallographic axes. Consequently, the so-called "polarization 
ratios’, i.e., the ratios of the intensity components corresponding to different 
crystal axes, differ significantly for free and trapped excitons.% Thus we have 
the possibility of distinguishing between free and trapped excitons on the basis 
of their polarization characteristics. 

The problem is complicated by the fact that there are several different types 
of molecular orientation in a crystal lattice and the degree of polarization of the 
luminescence of trapped excitons never attains 100%. 

Utilizing the procedure described in Ref.1, we obtained luminescence polariza- 
tion diagrams, i.e., curves characterizing the variation of the polarization with 
the direction of observation and orientation of the crystals. 

From a comparison of the experimental diagrams with theoretical diagrams cal- 
culated on the basis of independent data on the molecular orientations (for ex- 
ample, x-ray diffraction data), one can evaluate the relative intensity of the 
luminescence due to free electrons and determine along which crystal axes this 
luminescence is polarized. 

For example, it was established that the luminescence of stilbene comprises 
free exciton components polarized along the 6 and c axes, each of the components 
amounting to ~15% of the total luminescence (~70% is due to trapped excitons). 

It may further be assumed that the radiations due to free and trapped excitons 
will differ not only as regards polarization but also as regards their spectral 
characteristics. Hence the purpose of the present work was to investigate the 
spectral dependence of the polarization of the luminescence of molecular crystals. 

To this end we assembled a photoelectric spectro-polarimetric set-up incorpor- 
ating a UM-2 monochromator and a birefringent prism with a large angle of divergence 
(to 15°). The two perpendicularly polarized components were detected by separate 
photomultipliers. The photomultiplier currents were applied to a differential two- 
-channel amplifier; by appropriate switching either each component separately or 
the difference could be measured. Thus we were able to measure both the degree of 


Such analy- 
nd- free 


polarization of the luminescence and its intensity. 


The set-up, which will be described, elsewhere, is characterized by a rather 
high sensitivity and good accuracy. At an output current of ~10-§ amp, the relative 


error in determining the degree of polarization is only 0.01%; with decreasing sig- 
nal strength the relative error naturally increases and at the measurement thresh- 


old (~10-9 amp signal) attains 10%. 
The luminescence was excited by the 365 mu Hg line, selected by a quartz mono- 


chromator from the radiation of a PRK-4 tube. 


The described set-up enabled us to determine the degree of polarization over 


the entire luminescence spectrum all the way to the short wavelength edge. 


e(this shape is particularly convenient for 


was vertical; the 0 axis horizontal. 
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j re made on hemispherical single crystal specimens 
SRS a ee ei obtaining polarization diagrams ye eine 
The crystals were mounted so that the a axis 

The crystal was excited from the plane side 
all aperture. In recording the spectrum 


equatorial cut was in an ad plane. 


at the center of the circle through a sm 
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and the wavelength dependence of the polarization, ob- 
servation was in the direction perpendicular to 2d. 

In obtaining the polarization diagrams, the crystal was 
rotated about its vertical axes. 

The luminescence spectrum and the variation of the 
polarization with wavelength for stilbene are shown in 
Fig.l. The spectral sensitivity of the set-up was cali- 
brated with reference to a source having a known color 
temperature. Calibration proved difficult in the short- 
est wavelength part of the spectrum (near 360 my), so 
that the data for this spectral region are only approxi- 
mate. 

It was found that over most of the spectrum (i.e., 
in the long wavelength region) the degree of polariza- 
tion is positive and approximately constant @+70%), 
while in the short wavelength band and particularly near 


Fig.1. Luminescence the short wavelength edge of this band, the polarization 
spectrum (A) and wave- falls off rapidly, changes sign and then rises to high, 
length dependence of almost limiting, negative values (~95%). 

the polarization (B) As noted above, on the basis of the polarization dia- 
of stilbene. grams for the integral luminescence of stilbene, we in- 


ferred that the free exciton radiation is polarized along 
the 6 and c axes. In view of this and taking into account 
the orientation of the crystal in our experiment, it may 
be concluded that the short wavelength radiation with 
~-95% polarization is due to free excitons, while the 

long wavelength radiation is due to trapped excitons. 

The polarization in the long wavelength region was close 
in absolute value to that calculated on the basis of the 
"oriented gas’ model (the degree of polarization of the 
integral luminescence of the given crystal was 50%). 

The above conclusion could readily be checked by ob- 
taining polarization diagrams for different parts of the 
spectrum. The experimental diagrams for the region of 
the short wavelength edge (362 mu) and the long wavelength 


Fig.2. Polarization band (415 mu) are reproduced in Fig.2. The short wave- 

diagrams for two wave- length diagram shows a constant value of the polarization, 
lengths of the lumines- which should be the case for free electrons. The shape of 
cence of stilbene. the long wavelength diagram is consistent with results of 


calculations based on the "oriented gas" modal, although 

the absolute values of the polarization are lower than the calculated values. Thus 
the polarization of the luminescence due to trapped excitons differs in magnitude 
from that predicted by the "oriented gas" model, although the character of the vari- 
ation is consistent with the model predictions. This is in agreement with certain 
theoretical calculations made by Rashba®. It follows that the data on the relative 
intensity of the luminescence associated with free excitons obtained by us earlierl 
are overestimates. It is at present difficult to determine the precise relative 
intensity value inasmuch as at room temperature the several bands in the lumines- 
cence spectrum overlap, while the polarization varies gradually over the spectrum; 
according to our tentative estimates, however, the relative free exciton intensity 
is probably less than 10%. In order to obtain precise data it will be necessary 
to carry out measurements at low temperatures. 

The above inference that the short wavelength part of the spectrum is due to 
free excitons is in agreement with the theoretical concepts advanced by Rashba. © 


, 
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Fig.3 Fig.4 
Fig.3. Luminescence spectrum (A) and wavelength dependence of the polarization 
(B & B,) for anthracene at room temperature. The B and B, polarization spectra 
pertain to two different orientations of the crystal (} axis vertical and horizon- 
tal, respectively); the former corresponds to the maximum positive, the latter to 
the maximum negative degree of polarization. 
Fig.4. Same as Fig.3 but at liquid nitrogen temperature. 


Anthracene. Inasmuch as we could not procure spherical single crystals of 
anthracene, the measurements were carried out on plates with an abd surface, pre- 
pared by sublimation. The results obtained at room temperature and that of liquid 
nitrogen are shown in Figs.3 & 4 (so far we have not been able to obtain low tem- 
perature data for stilbene inasmuch as the hemispherical specimens crack upon cool- 
ing). The upper polarization spectrum is for the crystal oriented with the b axis 
vertical and the a axis horizontal; the lower spectrum is for a crystal rotated 
90° from the above position. 

The variation of the polarization with wavelength in the case of anthracene 
is more complicated than for stilbene. There is a prominent polarization maximum 
in the region of the short wavelength band. At room temperature the peak polariza- 
tion value is 75%, while at liquid nitrogen temperature the maximum is still higher 
and the polarization attains 90%. The degree of polarization falls off rapidly to- 
wards the short wavelength edge of the band, dropping to ~40% at liquid nitrogen 
temperature and virtually to zero at room temperature. 

We tentatively propose the following interpretation of the experimental results. 
It may safely be assumed that the long wavelength bands in the spectrum of anthra- 
cene are due to trapped excitons; the short wavelength band is due to free excitons. 
There are free exciton transitions polarized along the 6 axis and along the a axis. 


These transitions depart from different, though possibly close excited levels. The 


"»" devel is higher than the "a" level, but both are higher than the departure le- 
vels of the trapped exciton transitions. The bands polarized along the a and 6 


‘axes overlap to a considerable extent, consequently the polarization at the very 


edge of the spectrum does not go to high negative values but merely drops to zero. 


At higher temperatures the transitions polarized along the a axis predominate (i.e., 


3 34.5 


thermal transitions from 6 to a are effective). This serves to explain why the ex- 
perimental polarization diagram for the integral luminescence lies below the theo- 


retical diagram based on the “oriented gas’ model. 
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At low temperatures the intensity relation is reversed and the band polarized 
along the 6 axis becomes stronger (this is analogous to the behavior of the @ and 
B bands in the phosphorescence of complex molecules at high and low temperatures). 

The proposed method of polarizational investigation of the luminescence spec- 
tra of molecular crystals in conjunction with polarization diagrams appears to, be 
useful for elucidating the role of trapped and free excitons in luminescence. 

With a view to verifying the above inferences, it would be desirable to investi- 
gate the polarization for different crystal orientations in greater detail and 
to extend the experiments into the range of lower temperatures. 

It is interesting to note the analogy (remarked on by Neporent) between mole- 
cular crystals and the polymers described by Scheibe. Our experimental results 
show that the luminescence of free excitons, peculiar to molecular crystals, oc- 
curs at the short. wavelength edge of the spectrum, i.e., in the region of anti- 
Stokes and resonance luminescence. From this it may be concluded that the trap- 
ping of excitons is connected with the Stokes shift. 

Scheibe® also observed the luminescence peculiar to polymers (essentially 
one-dimensional crystals) in the form of a resonance peak. It may be inferred, 
therefore, that this is a common property of molecular crystals, a property con- 
nected with energy transfer in the form of free excitons. 

Finally, we must say a few words regarding the possible influence of reab- 
sorption on the experimental results. At first glance it would appear that re- 
absorption in the anti-Stokes region cannot affect the polarization of luminescence 
inasmuch as in the region of the sharp variations in polarization the luminescence 
efficiency is close to 100%? and begins to decrease only in the long wavelength 
region above 420 mu. Thus the reabsorbed energy is virtually wholly transformed 
into secondary luminescence possessing the same polarization as the primary lumi- 
nescence. Actually, however, the polarization of the luminescence can vary owing 
to dichroism of the reabsorption. The dichroism of anthracene has been investi- 
gated by a number of workersl9,11 whose data are in good agreement. The dichroism 
is appreciable in the narrow interval from 400 to 398 mu (absorption in the direc- 
tion of the 6 axis predominates) and falls off to zero at 396 mu. Consequently, 
in the case of vertical orientation of the 6 axis, the luminescence may be depolar- 
ized: the positive component is attenuated more strongly in the primary than in 
the secondary luminescence. Calculations show that in the extreme case of single 
reabsorption and complete secondary luminescence, the degree of polarization should 
decrease from 60 to 28%. It is obvious, however, that dichroism cannot fully ex- 
plain the observed effects, although it may be a contributing factor. FErst setu 
cannot yield a high degree of polarization of opposite sign, as was observed for 
stilbene; second, comparison of the polarization spectrum with the dichroism spec- 
trum clearly shows that dichroism is not the principal factor in the observed ef- 
fects. Thus, in the case of anthracene dichroism stops at 396 mu; if it were the 
principal factor in the variation of the polarization, then at this and shorter 
wavelengths the polarization should not vary, i.e., there should simply be a dip 
at ~400 mi in the curve characterizing the wavelength dependence of the polariza- 
tion. | The experimental curves obtained with excitation of the crystals "from in 
era nimiedisise: sean Be me: Sao experinents carried out with ex- 
WA ats thats Renae in eae in is case the influence of dichroism, 

p at ~400 mu in the wavelength dependence 
curve, is approximately the same as with excitation "from in front". Thus, al- 
though the influence of dichroism should undoubtedly be taken into account, it 
obviously cannot be the principal factor in the observed effects. 

The scattered components of the excited light may have some depolarizing ef- 
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fect, but it cannot be large since the scattered radiation is natural light, as 


was shown by control experiments with nonfluorescing scattering surfaces (matte 
quartz plates). 
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THERMAL RADIATION OF NAPHTHALENE, ANTHRACENE AND PHENANTHRENE 


IN THE INFRARED REGION 
- 0.V.Fialkovskaya 


While investigating the absorption spectra of molecular crystals at high 
temperatures, we detected the effect of thermal emission by such crystals. 

In obtaining the absorption spectra of crystals at high temperatures, scat- 
tered light, consisting mainly of short wavelength radiation, was discriminated 
by means of an LiF filter mounted between the light source and the specimen. This 
arrangement also took care of the parasitic thermal radiation from the investigated 
substance. Usually, the scattered light yields a smooth curve gradually rising 
with increasing wavelength. In some temperature dependence studies performed with 
the use of an LiF filter, which absorbs long wavelength radiation from 64945 .we 
detected a number of peaks in the far infrared region, rising above the continu- 
ous scattering background. These peaks indicated that the investigated substances 
were capable of intrinsic thermal emission. 

Accordingly, absorption and emission spectra of the investigated specimens 
were recorded under the same conditions. In obtaining the emission spectra the 
optical system remained the same as for recording the absorption spectra, only the 
light source was shut off and a mirror was mounted behind the cell at 45° to the 
direction of the rays in order to reduce the black body radiation background, which 
tends to mask the emission spectrum. The experiment required thorough thermal in- 
sulation of the cell and maintenance of a rigorously constant ambient temperature, 
otherwise the apparatus zero drifts, which obviously makes for difficulties. The 
emission spectra were obtained on a Perkin-Elmer Model 12-C spectrometer in the re-= 
gion from 3000 to 700 em71, using. slit widths, ofe0.G) to" t.00 sun. 

For obtaining the emission spectra, we used cells consisting of two plane- 
parallel rock salt windows cemented to a silver spacer with silver fluoride. The 
individual cells were mounted in a metal holder with an electric heater. The ten- 
perature was measured by means of two thermocouples inserted into holes in the 
rock salt windows. 

We studied the emission spectra of crystals of naphthalene, anthracene and 
phenanthrene of different thickness, ranging from 10 up to 100 yu, at different tem- 
peratures (from 40°C up through the melting point and higher). For all these sub- 
stances, we obtained thermal radiation spectra consisting of a number of charac- 
teristic bands corresponding to thermally excited molecular vibrations. In con- 
formity with Kirchhoff's law, the peaks of these bands have the same wavelengths 
as the peaks of the absorption bands. Comparison of the emission and absorption 
spectra obtained at the same temperatures shows that the peaks of all the absorp- 
tion bands agree to within 3-5 cm7l with the peaks of the emission bands, the minor 
shifts being consistently to the long wavelength side. The emission spectrum im- 
ages the absorption spectrum reversed. We cannot discuss the comparative intensi- 
ties and widths of the bands at present, inasmuch as the emission and absorption 
spectra were obtained with different slit widths. In the case of all the investi- 
gated specimens the thermal radiation spectrum begins to appear at about 40-509 
with the radiation detector at room temperature. There is reason to assume that 
with the detector cooled,the thermal emission spectra would be evinced at even 
lower temperatures. 

The thermal emission spectrum and the absorption spectra of anthracene in the 
molten and crystalline states, recorded with the same position of the cell at dif- 
ferent temperatures (20° % 220°) are shown in Fig.l. 

As noted, the thermal emission spectrum mirrors the absorption spectrum in 
every detail despite the fact that the emission spectrum was recorded with slit 
widths two or more times greater than the slit width employed in recording the 
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Fig.1. Thermal radiation spectrum and absorption spectra of anthracene in the mol- 
ten and crystalline states at different temperatures. 


absorption spectra. Apparently, the same vibrational energy levels are involved 
in both cases. 

We note further that a number of emission band maxima coincide with the weak 
peaks in the reflection spectrum obtained by us earlier, whereas the absorption 
bands of the crystal at 20° are shifted 6-8 cm-! to the short wavelength side 
relative to the emission band peaks of the melt. 

To investigate the temperature dependence of the emission spectra we recorded 
the spectra of phenanthrene (Fig.2) at four temperatures (90, 110, 115 & 135°) and 
the spectra of naphthalene (Fig.3) at five temperatures (90, 100, 120, 160 & 180°). 
In both cases we observed a significant increase in the intensity of the emission 
bands with a comparatively small increase in the continuous background. Up to 
120-130° the band intensity increases more or less uniformly over the entire spec- 
tral range. With further increase in temperature, however, the intensity of the 
short wavelength bands increases more rapidly than that of the long wavelength 
band. Possibly this is connected with displacement of the integral maximum of 
the emission spectrum to the side of shorter wavelengths with increasing tempera- 
ture. 

The influence of layer thickness on the emission spectra is shown in-Fig.4 
in which the thermal radiation spectra of naphthalene at 100° for three cell thick- 
nesses (10, 50 & 100 yw) are compared. It will be evident from the figure that 
with increasing layer thickness the thermal emission spectrum is intensified, al- 
though, according to the data in the literature, for other substances with a layer 
thickness of 100 p the thermal emission spectral curve becomes similar to the 
curve for black body radiation and the characteristic emission bands become ob- 
scured by the continuous radiation background. Apparently, in our experiments 


we did not attain the requisite layer thickness. 
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Fig.2. Absorption spectrum of molten 

phenanthrene and its thermal emission 

spectra at different temperatures. 
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Conclusions 


In investigating the absorption spectra of molten naphthalene, anthracene 
and phenanthrene, we detected their thermal radiation. 

The thermal radiation spectra of these substances consist of a series of 
characteristic emission bands which, in conformity with Kirchhoff's law, virtual- 
ly coincide with the absorption bands. 

We found that the intensity of the emission bands depends on the thickness 
of the sample layer and the temperature. In case of an uncooled detector, the 
selective emission becomes evident at temperatures of 40-50°C. In our opinion 
observation of thermal emission spectra offers a new means for investigating the 
intrinsic vibrations of various substances. 

Analogous thermal emission effects in other substances were observed previ- 
ously by Kopff2 in 1946 and by Yaroslavskii & Aleksandrov? in 1951 in the labora- 
tory of Academician A,N.Terenin. 
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ABSORPTION AND LUMINESCENCE CENTERS IN THALLIUM SOLUTIONS 
~ V.G.Avramenko & M.U.Belyi 


Among the relatively small number of inor 


ganic salt solutions exhibiting 
luminescence, 


solutions of thallium salts are particularly convenient for pur- 
poses of investigation owing to their exceptionally bright emission. The lumi- 
nescence of thallium solutions has been investigated by Shishlovskii and his co- 
workers?» and by Pringsheim & Vogels3. It was found that the principal lumines- 
cence peak of the hydrated Tl ion is located in the near ultraviolet max = 370 
mu). The bright violet luminescence of the T1* ion transforms to blue when an 
excess of chlorine ions is added to the solution and to green when bromine atoms 
are added. 

Investigations of the absorption4 and solubility characteristics? of thal- 
lium salt solutions showed that complexes of a certain type are formed in such 
solutions. 

The purpose of the present work was to determine the composition of the com- 
plexes forming in thallium halide solutions and to obtain the absorption and lumi- 
nescence spectra associated with each type of complex. Utilizing the procedure 
developed by one of us earlier® , we investigated the absorption centers present 
in thallium chloride and bromide solutions. Although the given procedure for 
determining the composition of complexes is, strictly speaking applicable only 
in the presence of equilibrium between two types of absorption centers, we found 
that it can also be used successfully when there form several different types of 
complexes in the solution as the concentration of one of the components is varied. 

First, we determined the absorption spectrum of the hydrated thallium ion. 
Since the given experimental procedure requires that the ionic force in the solu- 
tions be constant, for purposes of calculations we used the absorption spectrum 
of T1t in a sodium perchlorate solution of known concentration, which gave us 
the reference value of the ionic force (Fig.1, curve 1). The introduction of ex- 
cess chlorine ions into the solution leads to an appreciable deformation of the 
‘absorption spectrum; in the limiting case there appears a new absorption band in 
the 123.5-10-13 sec71l frequency region. The absorption curves for solution con= 
taining less than 1.088 mole/liter of LiCl intersect at a common point. This 
indicates that in the given range of LiCl concentrations ERS is gue Eep rag 
between the two types of absorption centers: in our case hs Gl = TmCln. 

For determining the value of m,we varied the thallium COS keeping 
the Cl ion concentration constant, and obtained D/C = const, where D is the hee 
cal density normalized to the same thickness of the PUTO ROE LENE Gale Cc ip e 
thallium concentration in the solutions. As we showed in Ref.7, this resul ae 

ossible only for m= 1. We note, incidentally, that replacement of wae Li cation 
Sy K or Na in the alkali halide salt introduced into the solution has virtually 

e absorption spectrum. ; 
* ee ee c Se to determining n. Utilizing curves Rie & 4 ete 
i that in our case n= 1 and then calculated the absorp = sp 

Se ee lex (curve 5) Further increase of the LiCl concentration leads 
fo) e comp ¢ : : . nalo- 
to the appearance of another common Se eee Cia ck ee eng 
gous calculatjons for this intersection point indica nbairrannes rere 
fea a ee Be ig hc ARS LBEREEV LION curve for the 
Beer one A Sakae Cotes ap agen point unambiguously indicates 
first complex passes through the secon : cas nabeivenecolntdonet aereetnoreeas 
Bet ee RE cece Ve, PPS Ge ena uch low concentrations as to pre- 
egestas red gr ct OND eee | ae eae a is significant that in the solution 
| Eee ee ee A eden aor tits curve fits the calculated 
with the limiting LiCl concen 
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Fig.1. Variation of the absorption spectrum of aqueous solutions of T1C1 at differ- 
ent concentrations of LiCl (all concentrations are given in mole/liter): 1) 2°1074 
T1Cl + 3.06 NaCl04, 2) T1Cl + 0.272 LiCl, 3) T1Cl + 0.544 LiCl, 4) T1C1l + 1.088 
Lic] , 5) spectrum of T1C1 complex, 6) _T1Cl +.2.6 LiCl, 7%) T1ICl + 3.9 Lici? Ss) ti 
+ 5.85 LiCl, 9) spectrum of the TICl, ~ complex. The series of solid points give 

the spectrum of the T1Cl solution with 12.3 mole/liter LiCl. 
Fig.2. Variation of the absorption spectrum of aqueous solutions of T1Br at differ- 
ent concentrations of NaBr (all concentrations in mole/liter): 1) 1.3-1074 T1Br + 
+ 2.7 NaCl0,, 2) T1Br + 0.06 NaBr, 3) T1Br + 0.12 NaBr, 4) T1Br + 0.24 NaBr, 5) 
spectrum of the T1Br complex, 6) T1Br + 0.9 NaBr, 7) T1Br + 1.35 NaBr, 8) T1Br + 
+ 2.025 NaBr, 9) spectrum of the TIBr3? complex, 10) T1Br + 3 NaBr, 11) T1Br + 

+ 4.5 NaBr. 


TICLAas spectrum. This, on the one hand, substantiates our calculations and, on 
the other hand, indicates that no more complicated complexes are formed in chlor- 
ide sclutions. 

In the case of bromide solutions of thallium, experimental investigation is 
seriously hampered by the strong absorption of the bromine ions. Nevertheless, 
utilizing the same experimental techniques as in the case of the chloride solu- 
tions, we were able to establish that there form the complexes T1Br and T1Br.2 
and to calculate their absorption spectra (Fig.2, curves 5 & 9). In view of the 
small variation in the optical density, we were not able to establish the compo- 
sition of the third complex, which is characterized by the longest wavelength ab- 
sorption band (Fig.2, curve 11). Apparently here, as in the chloride solutions, 
in the limiting case there forms the complex TIBr,>. Further increase of the 
Br ion concentration does not lead to the formation of a new type of complex, for 
the spectrum changes very little (further increase of the NaBr concentration above 
4.5 mole/liter results only in slight narrowing of the absorption band). We note 
that the absorption spectra of all the complexes are similar as regards shape and 
consists of at least two bands. It may therefore be inferred that in all cases 
the absorption is associated with the same transitions in the thallium cation, 


the levels of which are more or less distorted as a result of attachment to it 
of the halide ions forming the complex. 
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We also investigated the luminescence 
spectra of the thallium complexes. To 
this end we prepared solutions which con- 
tained virtually only one of the complex— 
es; this was monitored by means of the 
absorption spectra. This can readily be 
done for all the chloride and bromide conm- 
plexes except for T1Br, for which one can 
obtain only a predominant concentration 
in the solution. 

The luminescence spectrum of T1Cl is 
a - 7 oe shifted appreciably to the long wavelength 

Side relative to the spectrum of hydrated 
Fig.3. Luminescence Bugera: 1) hydrat- thallium (Fig.3). On the other hand, the 


ed thallium, 2) TICly~ complex, 3) spectrum of the TICi = - complex is Serie 
T1Cl complex. S - blackening of photo- allay identical with that of TICl. “Thus 
graphic film in relative units. the energy redistribution in the lumines- 


cence spectrum of thallium solutions ob- 

served by Kondilenko & Shishlovskii incident to increase in the Cl ion concentra- 
tion is explained by changes in the relative concentrations of the complexes and 
free ions. A similar situation was found to obtain for the bromine solutions. 
Here the luminescence spectrum characteristic of TIBr (Vmax = 129.3-10-13 seen) 
undergoes virtually no change in going to the more complicated complexes. 

Consequently, both in chloride and bromide solutions the complex responsible 
for the luminescence is TlHal and the attachment to it of additional halide ions 
serves to “isolate” the luminescence centers from the influence of the surrounding 
medium which tends to increase the luminescence yield. 2 

It is interesting to note that the frequency difference between the peaks in 
the absorption and luminescence spectra is virtually the same for T1* and TI1Cl 
(see table). The fact that AV is virtually constant indicates that all the lumi- 
“nescence centers are structurally similar. 


Frequencies of absorption and luminescence bands 


i ‘luminescence 
Y absorption, y ; cee! 


sec7L sec7l 
141.2-1013 19-1048 62.2-1013 
131.2°1013 70-1013 | 61.2-1013 
129.3-1013 64-1013 | 65.3-1013 


CL: 
{VIBES 


Conclusions 


Investigation of the absorption and luminescence of thallium See aoe shows 
that in chloride solutions there form the complexes T1C1 and ee and in bro- 
mide solutions the complexes T1Br, TIBr32— and presumably TiBrq~ . These com- 
plexes have distinctive, characteristic absorption spectra. The luminescence spec-— 


tra of the halide solutions appear to be determined primarily by the properties 
of the T1Cl and T1Br complexes. 
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DETERMINATION OF THE COMPOSITION OF POLYMERS IN DYE SOLUTIONS FROM 


THE ABSORPTION AND LUMINESCENCE SPECTRA 
> Wil We exe iayal 


In the Shecura of many solutions - particularly dye solutions - with increas- 
ing concentration of the solute there appears a new absorption band due to new 
complexes forming as a result of association. 


ako Although investigators commonly 
assume~»“ that these complexes are dimers, 


hitherto we have not had a reliable 
procedure for determining the composition of the complexes, particularly if they 
are more complicated than dimers. 

Herein we propose a procedure by means of which one can determine the compo- 
sition and concentration of the complexes forming in a solution and calculate 
their absorption spectra. 


In our case the equilibrium reaction will be described by 


DEA exA 
Invoking Lambert's law and the law of mass action, we can write 
c¢— mz)™ - 
(¢— ma)" =, 


(1) 


MO 


D = eal +s) (¢ — mz) 1, (2) 


where c is the total concentration of the substance under study, zx is the concen- 
tration of polymers, K is the equilibrium constant, © and © are, respectively, 
the absorption coefficients of the monomer A and the polymer A,, D is the optical 
density and / is the thickness of the absorbing layer. 

In order to find © andm, we can substitute the values of % from (2) for 
three solutions of different concentrations (¢, cy, c3) in (1). Assuming that the 
value of K is the same for all solutions, by substitution and simple manipulation 


we obtain 
m . m 7 
/ Dy—D : D,— D 
m| D,;— D3 : i m| Di— Dz : 1 
D—D. Dz — D 
pees 2 (3) 


m 7 m 7 ’ 
D,—D Dy 
I | cy —cs : z L| cy— cg z : 
| ener ae aD 


where D,; = ¢,cil (i= 13.25:9), OF 


mfp __ 7 m 7 
Dep, [ Dy—D, _ 
(D5cz — D2¢s) Vy ee D, — (Dsc, — Dyes) Das D, =Dy,c.—D,¢. 


We can readily solve for m,if the solutions are chosen so that 


f is r) 4 
(D, — D,) (Ds; =z D3) — (D, — NbN ( ) 
In this case 

D,— D, 
Rea 

nS fess Dies) eV De Daas, = Due) Dara = Des (5) 

Ig Pa (Dse2 —— Does) 
Knowing ¢ (we assume that the absorption spectrum of the monomer A can 


readily be obtained by investigating highly dilute solutions) and invoking 


— TOE= 


€-10% 
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Aime 


450 480 510 560 570 Fig.2. Dimer absorption spec- 

| een trum calculated for c = 8+10795 
Fig.1. Absorption spectra of aqueous solutions g/om? (®) and c = 1:10-4 (0) 
of rhodamine 6 G extra at different concentra- and experimental spectrum for 
tions1)) 1-5: 1050, 2)a7*10-9 * 9) -3<10-". 4) a concentrated solution with 
8.10-5, 5) 1-1074, 6) 3+10-4, 7) 4-1074 g/em3. c = 21073 g/em3 (A). 


Eqs. (1)-(5), we can readily find the composition of the polymer, its concentra- 
tion and absorption spectrum as well as the equilibrium constant characterizing 
the stability of the complexes. 

For the purpose of checking the proposed procedure we chose water solutions 
of rhodamine 6 G extra, inasmuch as concentration effects in these have been tho- 
roughly studied.2 The variation of the absorption spectra as a function of the 
dye concentration is shown in Fig.1 (the measurements were made by F.Ya.Borodai, 
whom we take this occasion to thank). It may be assumed that at a concentration 
of 1.5°1076 g/com3 only monomers are present inasmuch as the absorption spectrum 
does not change noticeably with further dilution. Consequently, we can find the 
value of «) at the peak of the absorption band and plot the curve characterizing 
the variation of D - D' with the dye concentration. Then, making use of this 
curve, we can find any desired number of D - D' combinations satisfying condition 
(4). Solving Eq.(5) for our case we obtain m= 2. We can now also easily find 
s, 2 and K. 

The calculated dimer absorption spectrum is shown in Fig.2. This spectrum 
is easily calculated using the absorption curves for different concentrations 
although, naturally, a higher accuracy may be expected for higher dye concentra- 
tions. We note that the calculated points show a good fit to the experimental 
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] T : 

Fi megeP S198 curve for a concentrated solution (c = 
= 2-107 g/cm3) ; hence it may be asserted that at 
such high concentrations virtually only dimers are 

A present. 


In a number of cases with increase of the sol- 
ute concentration there is observed either quench- 
a =o ing or the appearance of new luminescence due to 
the formation of complexes. If we assume that the 
observed change in luminescence intensity I with 
variation in the solute concentration is due solely 
to formation of polymers, then, utilizing the law 
of mass action and the observed change in I, we can 
determine both the composition and concentration of 
the polymers forming in the solution. 
Let us analyze the simple case when the poly- 


10 20 ST 

e+ 10°, g/cm? 

Fig.3. Variation of the lumi- 

nescence intensity of rhoda- 

mine 6G extra solutions with 
the dye concentration. 


mers do not luminesce. Then 


(¢ —mzx)™ : 
ae ee and, J ae ma), 

where c,z,K and m have the same meanings as before and @ is a proportionality 
factor. Writing such equations for three solutions chosen so that a3 = d22, where 


l 
dy—= >- and 0, = = , we obtain 


pe te C2 — C1 C3 — C143 
m 
m. (a, =a) m (a3" 


Sis) 2 
and 


lg {(es — e1aa) + V (eg — e148) + 4 (6203 — Cane) (C2 — C142) 
ie \ 2 ss Ca) 
8 42 


We made an attempt to determine the composition of the polymer forming in 
solutions of rhodamine 6G extra by means of these formulas. To this end we ob- 
served the variation of the luminescence intensity with the dye concentration 
(Fig.3). We were not able, however, to obtain the correct value of m for this 
substance. In this case, as will be readily evident from Figs.1 & 3, the quench- 
ing of luminescence is due not only to formation of nonluminescing dimers but al- 
so to energy transfer in the solution. It will be seen that in going from a con- 
centration of 3-10-5 to 3-1074 g/em? the luminescence intensity falls off by a 
factor of 2.4, while the absolute concentration of luminescent monomers in these 
eet oretsncreases from 2-.3°10-2 to 8-10-9 g/em?, i.e, by a factor of 3.5. 

Thus the proposed procedure for determining the composition of polymers from 


the luminescence spectra is applicable only to solutions in which there is no 
significant quenching of the luminescence by energy transfer. 
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ON "ACTIVATION OF THE FLUORESCENCE OF CHLOROPHYLL AND ITS ANALOGUES 
- V.B.Evstigneev 


The writer and his colleagues!»2 in the "A.N.Bakh" Institute of Biochemistry 
headed by A.N.Terenin and, independently, Livingston and his co-workers? in the 
U.S.A. discovered an interesting property of chlorophyll solutions in non-polar 
solvents such as benzene, toluene and CClq4, namely, that the fluorescence intensi- 
ty and absorption of such solutions are modified by the presence of minute amounts 
of polar compounds. For example, if a vessel containing a 10-5-10-6 M solution of 
chlorophyll in highly purified toluene is pumped to the point where all the water 
present in the solution is exhausted, the fluorescence intensity of the solution 
is sharply reduced. At the same time the principal absorption band is weakened 
and its peak is shifted slightly to the long wavelength side (Fig.1). Now if 
ordinary room air is admitted to the vessel and the solution shaken, the fluores- 
cence intensity and absorption are restored. It must be noted that the absorption 
spectrum and fluorescence of solutions of chlorophyll in toluene exposed to air 
virtually do not differ from those of solutions in polar solvents. No changes in 
the absorption and fluorescence occur, however, if dry air is admitted to the 
evacuated vessel with the toluene solution. In contrast, the addition of even 
minute amounts of other polar compounds, for example, alcohols or amines, produces 
the same "activation", to use Livingston's terminology, as the admission of moist 
air. 

Subsequently, we showed” that a similar effect is observed in toluene solu- 
tions of the synthetic compound, magnesium phthalocyanine, the molecular structure 
of which is similar to that of chlorophyll. Preparation of fluorescent solutions 
of this pigment in non-polar solvents presents certain difficulties owing to the 
relative insolubility of its crystals in these solvents. According to our data, 
however, stable solutions of this pigment in toluene can be obtained by mixing a 
strong solution of it in sulfuric ether with toluene and then driving off the 
ether by heating it in a water bath under vacuum. If the resultant solution is 
kept in an atmosphere of ordinary moist air, the pigment gradually goes over into 
the colloidal state and in a few days settles out of the solution. Hence in de- 
termining the effect of polar impurities on the absorption and fluorescence of 
this pigment it is essential to work with freshly prepared solutions. Failure to 
observe this requirement is probably the reason why Livingston & Weil?, who made 
an attempt to use this pigment in their experiments after publication of our re- 
port%, were disappointed in their results and inferred that magnesium phthalocyan- 
ine can yield only colloidal suspensions. Yet it must be emphasized that our ex- 
periments showed that precisely with this pigment one can obtain very pronounced 
changes in the absorption at the peak (Fig.2). 

In investigating the factors capable of influencing the described effect, we 
found that it is observed only in the case of the analogues of chlorophyll which 
contain a magnesium atom in the center of the molecule. Solutions of pheophytin 
which differs from chlorophyll only in that instead of Mg it contains 2H in the 
center of the molecule, and solutions of phthalocyanine without metal in toluene 
were characterized by the same absorption and fluorescence both in the presence 
and absence of polar impurities. 

An obvious question is: in what solvent does chlorophyll exhibit the least 
change in absorption and fluorescence? At first glance it would appear that this 
should occur in non-polar solvents where the external influence on the molecule 
is weakest and the molecule is in a more normal, isolated state. In this case it 
must be assumed that the monomeric chlorophyll molecule does not fluoresce and 
that only compounds with polar substances have the ability to fluoresce. 


ute ; Initial- 
ly, Livingston and his co-workers? took this rather unorthodox point of vi ‘ 
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the red part of the spectrum of chloro- 

phyll solutions in toluene: 1) initial 700 650 

solution, 2) after elimination of mois- Ede: 

ture by pumping, 3) after readmission of Fig.2. Variation of the red absorption 


moist air. 
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Fig.3. Influence of 
temperature on the red 
absorption band of mag- 
nesium phthalocyanine 
in toluene: 1) initial 
solution at 20°, 2) 
after cooling to -40°, 
3) after warming to 
20°. No such variations 
are observed in the 
spectrum of phthalocya- 
nine without metal in 
|toluene. 


band of magnesium phthalocyanine in 
toluene: 1) initial solution, 3) after 
elimination of moisture by pumping and 
3) after admission of moist air. 


is in conflict with most other experimental data; Living- 
ston advanced the hypothesis that in non-polar solvents 
chlorophyll is present in the form of non-fluorescing 
monomeric molecules and that only attachment of polar 
molecules at the position of the cyclopentane ring leads 
to the appearance of a fluorescing form. 

However, under the pressure of new experimental facts, 
in particular, in view of our discovery of the role of 
magnesium in the phenomenon and the existence of the ef- 
fect in allomerized chlorophyll and in magnesium phthalo- 
cyanine, i.e., in a pigment which does not contain a cy- 
clopentane ring, Livingston and his co-workers were forced 
to abandon their hypothesis, although they do not state 
so explicitly in their subsequent reports». 

A careful re-evaluation of all the earlier data and 
analysis of the results of new experiments (sore particular, 
experiments on the influence of temperature“) led us to 
the following explanation of the effect. In non-polar 
solvents, owing to the dissociating influence of the medi- 
um, the molecules of chlorophyll and its analogues con- 
taining magnesium are present in the form of non-fluor- 
escing dimers (or more complex associations). The fact 
that the effect does not occur in compounds not contain- 
ing magnesium indicates that the association of two mole- 
cules into a dimer occurs through the intermediary of the 
"spare" coordination valences of the magnesium atoms. 
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Attachment of a molecule of the polar compound to the pigment (apparently, 
also via the magnesium) leads to break up of the dimers into ordinary fluorescing 
monomers. Evidence that we are dealing here with a stoichiometric type coupling 
is the fact that only very small amounts of a polar compound (water, pyrodine, 
alcohol, etc.), i.e., amounts comparable with the amount of pigment, are necessary 
to obtain full enhancement of the fluorescence in the case of active polar com- 
pounds. 

All the kinetic curves put forward by Livingston® in substantiation of their 
contention fit in well with our explanation, inasmuch as in this case, too, it 

is a question of stoichiometric linkage of the chlorophyll with the polar addi- 
tives, although the reason for the increase in fluorescence in our hypothesis is 
entirely different. 

That the state of the pigment molecule in the presence of polar compounds 
is the unperturbed or normal one as regards absorption and fluorescence is indi- 
cated by the fact that the fluorescence intensity and spectrum and the absorption 
spectrum of "fully activated" solutions of the pigments in toluene do not depend 
on the nature of the “activator. It is hard to imagine that if the polar im- 
purities have a direct influence on the absorption and fluorescence of the pig- 
ment there would be no differences, however slight, in the effects produced by 
different polar compounds as regards the fluorescence and absorption, particular- 
ly since the nature of the polar impurities does have an appreciable influence on 
the photochemical behavior and specifically the rate of photochemical oxidation 
of pigments. § 

All the other experimental data pertaining to the effect in question, both 
those obtained by Livingston et al and by ourselves, can readily be explained 
from the standpoint of our hypothesis. 

Thus the attachment of polar impurities to the molecules of chlorophyll or 
other compounds having a similar structure and containing magnesium is not the 
direct, immediate reason for the appearance of fluorescence, but is only an in- 
direct factor in that it leads to the dissociation of the non-fluorescing dimers 
(or higher complexes) into fluorescing monomers. Hence it is misleading to term 
the effect in question "activation" of fluorescence of the pigment molecules in- 
asmuch as essentially we are dealing here with the ordinary effect of transition 
of the pigment from the condensed state to the molecularly dispersed state. 
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SOME FEATURES OF THE LUMINESCENCE OF CHLOROPHYLL AND PHEOPHYTIN 


Le 


impurities. 
appreciably. 


It is evident from studies of chlorophyll and related 
spectra depend on the nature of the solvent and are sensitive 
The spectra of chlorophyll in live leaves and in 


Hence in investigating the spectra of compounds 
ful measurement of the position and contours of the spectral b 
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pigments that their 
to the presence of 
solutions differ 

in this class, care- 
ands is essential. 


In the present work we investigated the contours and evaluated the polariza- 
tion of the luminescence band of chlorophyll and pheophytin and measured the lumi- 
nescence spectra at low temperatures. 

2. As compared with other dyes, the absorption and luminescence bands of 
chlorophyll and analogous compounds are very narrow and overlap to an appreciable 


extent. 


This overlapping, as has been noted by a number of investigators!l, leads 


to strong modification of the luminescence spectra owing to reabsorption. Zscheile 
& Harris? carried out a detailed study of the influence of reabsorption on the 


luminescence spectra of chlorophylls a and b. 


As the authors themselves note, 


however, their data cannot be used for quantitative corrections for reabsorption, 
inasmuch as the illumination geometry varied in their experiments. 

In our work the narrow beam of exciting light was defined by a special 3 x 10 
mm baffle and the source and luminescent layer in the sample cell were always main- 


tained in the same position relative to the monochromator slit. 
thickness of the absorbing layer was realized by displacing the cell. 
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Fig.1. Absorption spectrum 
(1) and luminescence spectra 
of pheophytin a in benzene 
(10.8 mg/liter) with differ- 
ent thicknesses of the lumi- 
nescing layer: 2) minimal 
layer, 3) 5.5 mm, 4) 14 m, 
5) 20 mn. 
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Variation in the 
The experi- 
ments were carried out with a solution of pheophytin 
a in benzene (concentration 10.8 mg/liter), the ab- 
sorption and luminescence spectra of which differ 
little from the spectra of chlorophyll. The lumi- 
nescence was excited by a group of mercury lines 
(SVDSh-250-3 tube) in the 320-390 mu region; the 
direction of observation was perpendicular to the 
exciting beam. The light from the tube passed 
through a heat filter (a solution of copper sulfate 
in a quartz cell) and a UFS-3 ultraviolet filter. 
The luminescence spectrum was recorded by means of 
a UM-2 monochromator, the radiation being detected 
by an FEU-22 photomultiplier. The pheophytin spec- 
tra obtained in this series of experiments are shown 
in Fig.l. 

It will be seen from the figure that the second 
(low frequency) luminescence peak of pheophytin re- 
mains the same for different thicknesses of the ab- 
sorbing layer. Reduction by means of Buger's formula 
of the luminescence intensities obtained at differ- 
ent layer thicknesses for different frequencies yield- 


ed agreement within 4% with the intensity value measured with the minimal layer 


thickness. 


to the width of the exciting beam (~1 mm). 


The thickness of the minimal absorbing layer was approximately equal 


In further experiments, in making ac- 


curate determinations of the contour of the first luminescence band, we took into 
account the absorption of even this minimal layer. 


The appreciable overlapping 


rise to secondary luminescence. pas i 
show that the secondary luminescence is insignificant and can be 


one can use Levshin's method 


for taking reabsorption into account. 


of the luminescence and absorption bands gives 

In the case of chlorophyll, however, measurements 
neglected. Hence 
i.e., excitation of the luminescence "from in front", 
Both procedures for allowing for reabsorp- 


tion yield identical results. 4 
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3. For a more detailed investigation of the correspondence of the lumines- 
cence and absorption bands, we used the universal relationship deduced by Stepan- 


ovo79. 
and luminescence spectra of complex molecules: 
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where WU" is the luminescence power, 


Stepanov showed that the following relationship holds for the absorption 


(1) 


xy, is the absorption coefficient at the 


frequency v and d(/7’) is a temperature dependent coefficient. 
Taking the logarithm of both sides, we obtain 
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Fig.2. Absorption spectra (dashed lines) and 
luminescence spectra (solid lines) of solutions 
and straight line plots characterizing the value 
lum 


of In———_=3]nyv. Pheophytin a: 


1) in isobutyl 


alcohol (dash-dot curve at 60°; the correspond- 
ing straight line is dashed), 2) in ethyl alco- 
hol, 3) in isoamyl alcohol, 4) in methyl alcohol. 
Chlorophyll: 5) chlorophyll b in ethyl alcohol, 
6) chlorophyll a in ethyl alcohol. 


—3lnv= — + Ind (7). 
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—3Iny is a linear function of the frequency. 


Fig.2 shows the lumines- 
cence and absorption (only the 
red band) spectra of pheophytin 
a in different solvents and 
chlorophylls a and b in ethyl 
alcohol, together with the vari- 


lum 
JS ny 


v 


ation of In with the 


frequency for the respective 


spectra. It will be evident 
that the variation of 

lum 
In ———3 Inv with frequency is 


v 


actually linear in a rather 
wide range for each spectrum. 
This shows that Stepanov's uni- 
versal relationship (1) is ap- 
plicable to the absorption and 
luminescence spectra of chloro- 
phyll and similar compounds. 

It should be noted that reab- 
sorption was taken into account 
in plotting the luminescence 
spectra. 

4. Some authors! have in- 
ferred that the second lumines- 
cence band is due to vibration- 
al structure. In view of this, 


we undertook an investigation of the polarization of the first and second lumi- 
nescence bands for the purpose of determining the nature of the second band in 


the luminescence spectrum of chlorophyll and related compounds. 


were made on the set-up described in Ref.10. 


The measurements 


The luminescence was excited by a 
parallel beam of polarized light in the 320 to 470 mi interval. 


in the direction perpendicular to the exciting beam. 
polarization introduced by the monochromator and photomultiplier. 


Observation was 
Due account was taken of the 
To check the 


set-up we carried out measurements on solutions of rhodamine B extra in glycerol 
and in water; these measurements yielded results agreeing with those obtained by 


Vavilov & Levshinll and Feofilov!2. 
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Fig. 8 Fig. 4 


Fig.3. Luminescence spectra (radiation power wium) and degrees of polarization 
(P, %) of A) chlorophyll a in an alcohol-glycerol solution and B) pheophytin a 
in cyclohexanol. 
Fig.4. Luminescence spectra of chlorophyll a in isobutyl alcohol at 1) 
19°, 2) -120° and 3) -140°. 


The luminescence spectra of chlorophyll a in an alcohol-glycerol solution 
and pheophytin a in cyclohexanol and the corresponding polarizations are shown 
in Fig.3. It will be seen that the degree of polarization of the two bands in 
the spectra of both substances differs but that it remains constant within each 
band. Thus, for chlorophyll a, the degree of polarization of the first band 
pj = 8.5%, the second band po = 4.3%; for pheophytin Py = 9% and po = 2%, re- 
spectively. 

It has been shown in the work of Vavilov & Levshin!1,12 that the degree of 
‘polarization is the same in different parts of one and the same luminescence band 
associated with a given electronic transition. 

Hence in view of our results it may be assumed that the second luminescence 
band of chlorophyll (and allied compounds) is not due to vibrational structure 
of the molecule. The two luminescence bands of these substances are apparently 
associated with transitions from two different electronic levels. 

5. To check further on the nature of the second luminescence band of chloro- 
phyll, we measured the luminescence spectra of chlorophyll a in isobutyl alcohol 
at low temperatures. The results are shown in Fig.4 where the heights of the 
first luminescence band peaks have all been normalized to unity. It will be evi- 
dent from the figure that with decreasing temperature the height of the second 
luminescence band peak increases relative to the height of the first band peak. 
Since the intensity of the luminescence bands is generally proportional to the 
level population, with decreasing temperature the population of the higher energy 
level should decrease more rapidly than the population of the lower energy level. 
Consequently, the relative intensity of the first, shorter wavelength luminescence 
band should decrease. At the same time there is observed a minor alteration in 
the shape of the first luminescence band. 

Such relative variation in the intensity of one luminescence band as compared 
with the intensity of the other is evidence that these bands are associated with 
the structure of excited states. If they were due to the structure of the ground 
electronic state, as is usually assumed to be the case for luminescence spectral4, 
their intensities should vary identically with the temperature. Whether these 


 SOee 


bands are associated with vibrational levels of the same electronic state or 
whether they correspond to different excited electronic states cannot be deter- 
mined unambiguously from the available data. However, comparing the temperature 
induced changes with the variations in polarization, it can be asserted that the 
luminescence bands of chlorophyll and its derivatives are due to transitions from 
two different electronic levels. 

I desire to express my deep gratitude to B.I.Stepanov for his guidance and 
to N.P.Ivanov and V.V.Gruzinskii for assistance in carrying out the experiments 
and calculations. 
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INVESTIGATION OF THE FORMATION OF CHLOROPHYLL AND ITS STATE IN PLANT LEAVES BY 
OBSERVATION OF FLUORESCENCE SPECTRA 
- F.F.Litvin & A.A.Krasnovskii 


Investigation of the fluorescence spectra of etiolated (grown in the dark) 
leaves and leaves in the process of turning green is of interest both from the 
standpoint of determining the nature and state of pigments in leaves and from that 
of understanding the processes occurring in biosynthesis. It is important in such 
investigations to avoid disturbing the natural state of the pigment system. 

We investigated the final photochemical stages of chlorophyll formation in 
the process of coloring etiolated leaves under the influence of light. 

At room temperature there occurs rapid photochemical conversion of the pig- 
ments under the influence of the intense light exciting the fluorescence, which 
gives rise to obvious experimental difficulties. Fixation by heating to stop the 
photochemical processes! defeats its own purpose inasmuch as heating disturbs the 
native state. Hence we used the technique of chilling (to below -100°) of the 
etiolated and coloring leaves and recording the fluorescence spectra in this state. 
Deep cooling does not disturb the initial chlorophyll formation process per se, 
but only slows it down. 2 

The fluorescence of green leaves has been investigated by a number of authors. 
French and his co-workers? showed that the wavelength (686 mu) of the first fluo- 
rescence peak of chlorophyll is determined by reabsorption of the fluorescence. 
These workers also showed that in young light-green leaves the first fluorescence 
maximum is shifted to 676 mu. The spectra of etiolated leaves fixed by heating 
were investigated by Virginl. However, heating greatly altered the fluorescence 
spectra owing to modification of the native state of the leaves. We could find no 
data in the literature on fluorescence spectra of etiolated and green leaves in 
the short wave region (400 to 600 mu). In our work we excited the fluorescence by 
radiation in the 360 to 580 mu region, selected from the emission of an SVDSh-250 
mercury tube by means of suitable glass light filters. The spectra were photograph- 
ed by means of an ISP-73 spectrograph on ''Paninfra" plates. We studied the spectra 
of several species of plants (beans, corn, rye, etc.). 

The fluorescence spectra of etiolated leaves comprise three prominent peaks 
at 633, 655 and 705-707 my and a weaker peak at 690-694 mi (see table). The most 

intense is the peak at 655 mu. 

Pronounced alterations in the fluorescence spectrum occur when an etiolated 
leaf is illuminated for 1 minute. The 655 and 707 mu peaks rapidly fade and dis- 
appear; the 633 mu peak is also weakened and there appears a new peak at 690-694 
mi. As a result of continued illumination, there develops fluorescence with a 
peak at about 675 mu; subsequently, this peak shifts to 680-682 mu. 

In green leaves of plants that had grown in light for Severs Oey 20 we ob- 
served three fluorescence peaks at 686, 730-735 and 812 my (which is in agreement 
with the data in the literature) and a weak narrow fluorescence band at ht mee 
Naturally the positions of these peaks do not change under the influence o g 
a... in the fluorescence spectra of etiolated leaves there are peat rae? 
least three fluorescence peaks. Presumably the 633 and 705-707 ee Pe caationrnt et 
‘attributed to protochlorophyll. The sa otncs pris i pusageede ands of p 
CESSES el ahetgeneaene eee priteatac ita sensenes Boeetra of extracts from 

TEI 1A sed phate a leant ld be identified as counterparts 
Se aeetabenieaed pee aig che ceaaetat thal Spaces of chilled etiolated 

cence band observ ; 
ee cmvcnrxy the particular form of pigment with a fluorescence 


peak at 655 my is peculiar to the native state. 


—8S Jae 


Wavelength (mu) of the fluores- 


Spore Compounds responsible 


for the fluorescence 


turning 
etiolated green a 
410 410 Unknown 
420-425 420-425 Unknown 
435-440 435-440 Pyridine-nucleotides in bound form 
455-460 455-460 Free pyridine-nucleotides or flavins 
515-520 515-520 y Conversion products of pigments 
555 555 (chlorophyll or protochlorophyl11?) 
595 595 J 
632-633 Protochlorophyll 
655 A form of protochlorophyll (or photo- 
chlorophyllide) 
675 
680-682 Chlorophyll a 
686 
690-694 690 (690) Antecedent of chlorophyll (chlorophyllide?) 
705-707 Protochlorophyll 


730-735 
812-815 


Chlorophyll a (second peak) 
Chlorophyll a (third peak) 


It must be noted that the position of this peak is very close to that of the 
peak in the coloring-action spectrum (650 my) 4, It is noteworthy that the disap- 
pearance of this maximum under illumination coincides in time with the period of 
rapid formation of primary chlorophyll. These data indicate that there must be 
present in etiolated leaves a distinctive primordial or antecedent form of chloro- 
phyll which has photobiochemical activity and which determines the character of 
the final stages of biosynthesis of chlorophyll. 

The result of the photochemical process is formation of a form of chlorophyll 
with a fluorescence peak at 690 mu. This peak is appreciably displaced not only 
relative to the fluorescence peak of chlorophyll a in solutions (669 mu in acetone) 
but also relative to the fluorescence maximum of chlorophyll in mature leaves (680 
mu). However, in solutions of extracted pigments there appears only the fluores- 
cence peak of chlorophyll a. Apparently the "690 mu form" and the "655 mu form" 
are characteristic of the pigments (chlorophyll and protochlorophyll) in the nat- 
ural bound state. This is also shown by heating experiments. When an etiolated 
leaf is heated to 90° in water, the 655 mu peak completely disappears and at the 
same time the fluorescence at 633 and 692 mi is enhanced. In the case of heating 
of a leaf illuminated for 1 min,the 690 mu peak is shifted to 680 mu, i.e., to the 
position characterizing the fluorescence of a green leaf. 

Thus we have evidence of the existence of intermediate forms of chlorophyll, 
forms that are peculiar to live leaves, are very labile and disappear quickly not 
only in case of extraction but also as a result of heating. This is why they were 
not detected in researches where the formation of chlorophyll was investigated by 
observing the fluorescence spectra of extracts or heated leaves!;3, 

In the further course of the chlorophyll formation process the 690 mu peak 
is shifted to 675 my and then gradually back to the long wavelength side to 680 mu. 
This position of the peak apparently corresponds to the culminating stage of bio- 
synthesis of chlorophyll. The subsequent displacement of the fluorescence peak 


to 686 mu, as French & Young? showed, can be explained by reabsorption of the 
fluorescence. 
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In his recent work Shibata® observed a sequence of changes in the absorption 


spectra in the process of coloring of etiolated leaves similar to that observed 
by us in the fluorescence spectra, Shibata's data are also substantiated by our 
measurements of the absorption spectra of etiolated and coloring leaves at room 
temperature on an SF-2M recording spectrophotometer. According to both Shibata's 
and our results, the intermediate forms of chlorophyll with peaks at 675 and 680 
my can also form in the dark from the 690 mu form, which appears in etiolated 
leaves under illumination. 

Our measurements of the fluorescence spectra of coloring leaves at different 
temperatures at which formation of chlorophyll does occur showed that the rate of 
formation of the 690 mu form is almost the same at 0, 20 and 40°, which is evidence 
of the photochemical character of the process. The process proceeds somewhat more 
rapidly at 20° than at 0° and 40° and does not occur at all at 90°. Apparently, 
the photochemical process is complicated in the biological system and slows down 
Boe copas tions leading to denaturation of the protein associated with the pig- 
ment. 


Conversion of the 690 mu form to the 675 mu form depends on the temperature 
and does not occur at 0°, 

Thus, the process of formation of chlorophyll from protochlorophyll, which 
has been regarded as a photochemical reaction complicated by biological condi- 
tions, is apparently a combination of different processes. The truly photochemi- 
cal stage (complicated by biological conditions) here is the formation of a chloro- 
phyli-like product with a fluorescence peak at 690 mu. Apparently, there succes- 
sively form, with participation of dark (fermentation) processes, complex pigments 
with fluorescence peaks at 675 and 680 mu. 

An interesting question is the ‘possibility of participation of the detected 
intermediate forms in the process of biosynthesis of chlorophyll in mature green 
leaves. That this is possible is indicated by the weak fluorescence band at 690 
mu, Which we observed in the spectra of mature leaves, and the fluorescence peak 
of protochlorophyll, which we observed in extracts from green leaves held in the 
dark. 

Precise interpretation of the observed variations in the fluorescence spectra 
of leaves in the process of turning green is difficult at present. This applies 
particularly to interpretation of the forms with fluorescence peaks at 655 and 690 
mu, so very appreciably shifted to the long wavelength side. Judging from the fluo- 
rescence of extracts, these forms have spectra characteristic of protochlorophyll 
and chlorophyll. oe; : 3 . ; 

Recently Wolf & Price‘ and Godnev and his co workers” advanced new views con 
cerning the process of biosynthesis of chlorophyll, according to which the final 
stages of this process are realized through the intermediary of protochlorophyl- 
lide (Mg-vinylpheoporphyrin-as5) and chlorophyllide. Possibly the peaks observed 
by us at 655 and 690 my belong, respectively, to protochlorophyllide and chloro- 
phyllide-a in protein-bound form. Displacement of the spectra to the long wave- 
length side can be explained by jonization of the free carboxyl group in the pig- 
ment. The displacement of the 690 my peak to the short wavelength side in this 
case can be associated with esterification of the chlorophyllide under the influ- 

lase. 
ee Le, ae elucidating the possible participation of ferments in the 
biosynthesis processes, we also investigated the fluorescence of leaves in the 
short wavelength part of the spectrum. In these measurements we detected a series 
of peaks at 410, 420, 455 and 460 mu (in etiolated and in green leaves). ne 

The peaks at 440 and 455-460 mi apparently belong to regenerated) pyridines 

i i i ferment’. Possibly the fluorescence 
nucleotides in free form or bound with an apo 


Ae 


in the short wavelength region of the spectrum is partially due to leaf cellulose 
or related compounds. In the middle portion of the spectrum, we observed peaks 
at 515-520, 555 and 595 mu which may be associated with modified forms of chloro- 


phyll and protochlorophyll. 
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FLUORESCENCE OF AROMATIC AMINO ACIDS IN SOLUTIONS, CRYSTALS AND PROTEINS 
- Yu.A.Vladimirov 


Observation of fluorescence can 
of molecules in a system but also in 
molecules. 


In an earlier study? , we showed 
a hemoglobin molecule makes possible 
pigment to the hemin group, which in 


from the latter group. 


Ne of help not only in determining the state 
investigating the interaction between the 


that attachment of a fluorescing pigment to 
the transfer of excitation energy from the 
turn leads to a splitting off of a CO group 
We hypothesized the possibility of resonance energy trans- 
fer between the aromatic amino acid molecules within any given protein molecule. 
We observed in concentrated solutions of tryosine and tryptophan concentration 
quenching of the fluorescence, which was not detected in amino acid crystals.2 

In view of our earlier results, we felt it would be of interest to investigate the 
fluorescence spectra of amino acids in the cited systems for the purpose of evalu- 
ating the possibility of their interaction. 

The fluorescence spectra of amino acid solutions have been investigated by 
Bowman et als; more precise measurements have been made by Thiele & Weber*. We 
used a set-up consisting of an OF-4 monochromator, an FEU-18 photomultiplier, a 
selective amplifier (first two stages of a Sushchinskii? amplifier) and a 30-7 
oscillograph, which served as a crest voltmeter. The fluorescence was excited 
by the light of a high pressure PRK-7 mercury tube (1000 watt) transmitted through 
a chlorine-bromine gaseous filter. The samples were illuminated from in front. 

The absorption of the solutions did not exceed 0.1-0.2; the absorption of the crys- 
tals equalled unity. We studied the fluorescence spectra of the amino acids, tyro- 
sine, tryptophan and phenylalanine in solutions and in the crystalline (powder) 
state and of solutions of the following proteins: zein, arachin, human serum albu- 
min and egg albumin. 

In our notation n is the fluo- 
rescene intensity (in photons/M) 
with appropriate correction for the 
spectral sensitivity of the instru- 
ment and T = 1 - (I/I,) is the absorp- 
tion of the exciting light by the 
solution. 

Fluorescence spectra of the aro- 
matic amino acids in 0.1 M NaogHPO, 
solutions are shown in Fig.l. The ob- 
served fluorescence peak of tyrosine 
(320 mu) and the first peak of trypto- 
phan (346 mu) are close to the peaks 
observed by Thiele & Weber? (303 and 


A, MYL 400 350 300 348 mu, respectively). The second 
Fig.l. Fluorescence spectra of amino acids diffused fluorescence peak of trypto- 
in 0.1 M NagHPOq(pH = 8.2) solutions: 1) phan (360-365 mu) is possibly due to 


i i r the fact that we used tryptophan 
ie ve carn’ 1 lea racemate, whereas Thiele & Weber 
used I-tryptophan. The single phenylalanine peak observed by Thiele ye es 
282 mu, in our spectra proved to consist of three low peaks at 282, 2 an : 
mu; in addition, we observed a "hump" at 303-305 mu. These four ES oats ce Ss 
of phenylalanine correspond to its four absorption peaks (263.5, 2 a ae Le 
mu). It may be noted that four fluorescence peaks are also apparen n e spec 


of phenylalanine crystals (Fig.2). 
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Investigation of the fluores- 
"mx cence spectra of amino acid powders 
is hampered by reabsorption. Never- 
theless, it will be evident from 
Fig.2 that the fluorescence of crys- 
talline amino acids differs from the 
fluorescence of the solutions: in the 
case of phenylalanine there is appar- 
ent a shift of all four peaks to the 
side of longer wavelengths; in the 
case of tryptophan the fluorescence 
maximum is shifted greatly into the 
short wavelength region in the crys- 
tal spectra. The actual short wave- 
length shift of the fluorescence of 
tyrosine and tryptophan is obviously 
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Q greater than the observed shift inas- 
A,mpe 400 950 300 much as the reabsorption effect in 
Fig.2. Fluorescence spectra of powders: these experiments was appreciable 
1) phanylalanine, 2) tyrosine, 3) trypto- (complete absorption of the exciting 
phan, 4) mixed phenylalanine-tryptophan light). 
crystals. In investigating the excita- 


Ym tion of tryptophan fluorescence 
in mixed phenylalanine-tryptophan 
crystals, we showed the possibili- 
ty of sensitization of the trypto- 
phan fluorescence by phenylalanine? 
The fluorescence spectrum of a 
phenylalanine powder with a minor 
admixture of tryptophan (the tryp- 
tophan absorbed less than 0.1 of 
the exciting light) is shown in 
Fig.2. It will be evident that 
the fluorescence of such mixed 
crystals is due virtually to tryp- 
tophan alone, which substantiates 
our earlier deduction (based on 
excitation spectrum measurements) 
regarding energy transport in 

A, 400 | 950 300 mixed crystals of these amino 

acids. 

Fig.3. Fluorescence spectra of solutions: 1) The fluorescence spectra ob- 

zein, 2) arachin, 3) egg albumin, 4) serum tained for four proteins are shown 

albumin, 5) amino acids of serum albumin in Fig.3. In no case did we ob- 

(calculated). serve peaks pertaining to phenyl- 


a alanine; the 304 mu peak charac- 
teristic of tyrosine is clearly evident only in the spectrum of zein which does 


not i eaiee tryptophan. Egg and serum albumins each have one prominent peak (329 
and 325 mu). Arachin has a pronounced maximum at 317 mu and two 
weak 

300 and 345 my. “ yorrec een 

Although a complete interpretation of the data must await detailed investi- 
gation of many additional proteins, we can note certain distinctive features pecu- 
liar to the observed spectra. It is apparent that the fluorescence spectrum of 
tyrosine does not change significantly when this amino acid is incorporated in a 


8 7ao 


Fluorescence of amino acids in proteins 


umber of amino acid Nove 
molecules per protein Nava 


Protein molecule 
A B A | B 
AES 44 29 0 0,30 | 4,13 | 0,23 | 0,24 
achin _ 42 34 3 0,28 | 0:10 | 0'50 | 0795 
Egg albumin 24 9 3 0:34 | 040 | 4:44 | 2°20 
Serum albumin 33 18 r 0, 32k Te eG.25 Mise 


Notes: A- experimental results (Fig.3); B -— calculated on the basis 
of the amino acid content. 


peptide chain. Thus in the case of glycyl tyrosine the fluorescence peak in solu- 
tions is observed at 304 mu; the same peak occurs in the spectrum of zein which 
contains 29 tyrosine molecules per protein molecule and no tryptophan. On the 
other hand, the fluorescence maxima of arachin, egg albumin and serum albumin, 
i.e., proteins containing tryptophan, lie in the longer wavelength region (317 

to 329 mu). It may be assumed that the fluorescence in this region pertains to 
tryptophan in the protein molecules, where it is close to the characteristic fluo- 
rescence of tryptophan incorporated in the crystal lattice (327 my). 

Comparison of the experimental fluorescence spectra of the investigated pro- 
teins with the calculated spectra of corresponding mixtures of the component amino 
acids (Fig.3 and table) shows that the fluorescence of the proteins is determined 
primarily by the fluorescence of tryptophan, whereas it might be inferred from 
the amino acid composition of the proteins® that the decisive contribution to the 
fluorescence should be due to tyrosine. 

Of all the possible explanations of this effect, the simplest in our opinion 
is the hypothesis that there occurs energy transfer from phenylalanine to tyrosine 
and tryptophan and from tyrosine to tryptophan in the protein molecules. 

I desire to express my sincere gratitude to A.N.Terenin and A.A.Krasnovskii 
for advice and guidance. 
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FLUORESCENCE EXCITATION SPECTRA OF PROTEINS 
- S.V.Konev 


The fluorescence of proteins lying in the ultraviolet region has been de- 
scribed in general terms by Shore & Pardee! and studied spectroscopically by 
Vladimirov2 and the writer3. 

We showed that the fluorescence of proteins is comprised of the fluorescence 
of the component aromatic amino acids: phenylalanine, tyrosine and tryptophan. 
Proteins not containing amino acids (clupein and sturnin, for example) do not ex- 
hibit ultraviolet fluorescence (in the 250-400 mu range). In native proteins, 
the composition of which includes both tyrosine and tryptophan, the predominance 
of the tryptophan fluorescence over the tyrosine fluorescence (measured at the 
peaks at 350 and 313 mu) is more appreciable than in their hydrolysates, wherein 
all the amino acids are in the free state. Thus the ratio of fluorescence inten- 
sities at the tryptophan and tyrosine peaks (1350/1311) for a native solution of 
rabbit serum y-globulin is 2.45, while the ratio for its hydrolysate is 1.33; for 
native gliadin I359/I3,,] = 1-22, while the ratio for its hydrolysate is 1.05. 

The spectral composition of the fluorescence of proteins with excitation by 
individual mercury lines is virtually constant over a wide range of excitation 
wavelengths. 

It will be evident from the table below that the ratio of fluorescence in- 
tensities of casein in different spectral regions, as discriminated by different 
light filter combinations, remains virtually the same for different excitation 
wavelengths ranging from 230 to 280 mi. This means that the photons absorbed di- 
rectly by the tryptophan (280.5 mu) and the photons absorbed by phenylalanine 
(265.6 mu) or tyrosine (275 mu) excite the same fluorescence centers in the pro- 
tein, i.e., that there occurs energy transfer between the phenylalanine, tyrosine 
and tryptophan inside the protein macromolecules. 

This inference is substantiated by the fact that in sufficiently concentrated 
amino acid solutions one can observe concentration quenching and sensitization of 
the fluorescence of tryptophan‘. Indications of intramolecular energy redistribu- 
tion (transfer) in protein molecules were also obtained in investigating the fluo- 
rescence excitation spectra of native and denatured proteins and of their hydroly- 
sates. 

By way of typical example, in Fig.l we give the fluorescence excitation spec- 
tra of a casein solution in a phosphate buffer at pH = 8.2. In addition to the 
peak at 280 mu, which is due to the intrinsic absorption maximum of the aromatic 
amino acids, and the gradual weakening of the fluorescence intensity in the 280 
to 250 mu range, which is also connected with decrease of the intrinsic absorption 
of the aromatic amino acids, there is evident another peak at 243 mu. Correspond- 
ing to this maximum, however, we find a minimum rather than a maximum in the ab- 
sorption spectrum of the amino acids. 

The peak at 243 my disappears after mild thermal denaturation (Fig.1) and al- 
so after denaturation with a 6 M urea solution. As the pH of the medium is shift- 
ed to the alkaline side (to 9.0), the fluorescence quantum efficiency gradually 
decreases (Fig.2), which may be explained by ionization of the amino acid mole- 
cules (they do not fluoresce in the ionized form). 

The peak at 243 mu, which persists through pH = 9.0, disappears abruptly as 
soon as the pH of the solution attains 10.0. 

Ree ee ere eee eee of denaturation on the fluorescence ex- 
Soe La ght ER tie ge Gos babe batt Sos efficiency (rise of the 
Miehidoreacenecedianninbet tics conten ee ns. For example, an increase of 
rabbit serum y-globulin, arachin ate One St Oa aa 

’ egg globulin, whereas no such increase was 
observed for pepsin, gliadin, zein and casein. 
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Spectral composition of the fluorescence of casei 


n (optical density e¢ = 0.6; 
pH = 8.2) with excitation by light of di ke 


fferent wavelengths 


Wavelensth Slit Relative intensity of fluorescence 

of exciting ath 

light, mu 4 320—380 mu 340—380 mu 290— = 

mm (Y®C3) x (Y@C4) x (Goorrod) (YOO Lenka) 

280,5 0,44 100 41,0 8 
275.3 1.4 400 40.6 e's a 
270.0 1.5 100 44.5 86.0 9.0 
265.6 0,86 400 40.5 82.10 8.8 
260,4 1,9 100 42,'5 84.0 9/2 
253.8 1.4 100 | 45.0 85,0 10.0 
248.4 20 400 44.0 83,5 40.0 
245.0 2.0 100 45,5 83.0 9.2 
243.0 2:0 100 45.0 84.0 10,0 
240.2 2/0 400 44.5 86,5 10.0 
238.0 2:0 100 42.7 92.0 10.0 
235.4 2.0 100 48.5 100 
230,4 2'0 100 42.5 80,0 


*Filter designations 


The maximum at 243 mu cannot be due 
to fluorescence of any component of the 
proteins absorbing in this region and 
having its own fluorescence, inasmuch as 
the spectral composition of the fluores- 
cence with excitation by 243 mu light does 
not differ noticeably from the spectral 
composition of the fluorescence excited 
by light of longer wavelengths (table) 
which is absorbed only by the aromatic 
amino acids. This peak is not observed 
in the spectra of hydrolysates and amino 
acid mixtures containing these acids in 
amounts equivalent to the content in the 
protein. 

The absorption spectra of native and 
mildly denatured proteins (corrected for 


am 


te 260 260 240 CA nonselective light scattering) are virtu- 
Fig.1. Fluorescence excitation spectra ally identical (Fig.3); hence one cannot 
of casein in phosphate buffer (pH = explain the disappearance of the 243 mu 


= 8.2): 1) native (and after heating peak incident to denaturation as being 
to 55°), 2) after heating to 56°, 3) due to purely chemical changes. 


after heating to 75° (I - fluorescence All the above said, taken together 
intensity; - intensity of exciting with the fact that proteins that do not 
light). contain aromatic radicals do not exhibit 


fluorescence upon excitation at 243 my 
(or other wavelengths), gives reason to infer that the entire fluorescence excited 
by 243 mu light is due to the aromatic amino acids. Thus we have an apparent con- 
tradiction: according to the fluorescence excitation spectra the amino acids 
should have an absorption maximum at 243 mi, whereas actually there is a minimum 
in the absorption spectra in this wavelength region. At the same time, it is ap- 
parent from the data in the literature4~§ and the rest ts of our measurements 
that the absorption maximum of the peptide linkage lies in this region (240- 


250 my). 
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790 270. 250 230A.me 


Fig.2. Fluorescence excita- 

tion spectra of casein at dif- 

ferent pH values: 1) 8.2, 2) 

OP ie LOLANd 24) aa). 
Fig.3. Absorption spectra of casein 
in phosphate buffer (pH = 8.2): 1) 
native, 2) after denaturation at QL 
62° for 3 min. 3—> 290 270 250 230 Ame 


Accordingly, we propose the following step-by-step scheme as a working hypo- 
thesis for explaining the experimental data: 

1. Absorption of 240-245 mu light by the peptide linkage, resulting in 
transition of a CO-NH grouping to an excited singlet level. 

2. Transition from the CO-NH singlet level to the triplet level (conduction 
band) of the protein. 

3. Transfer of the excited electron from the conduction band to an aromatic 
amino acid and emission of a photon by this chromophoric group. 

The increase in quantum efficiency as a result of denaturation is explained 
by lessening of the intramolecular concentration-quenching of the amino acid 
fluorescence in connection with increase of the distance between the amino acid 
groups owing to loosening (enlargement) of the protein macromolecule in the pro- 
cess of denaturation. The fact that there is no increase of the quantum effici- 
ency in the case of denaturation of gliadin, zein and casein indicates that here 
there occur no significant changes in the distances between the aromatic amino 
acids. 

Thus it may be hypothesized that in proteins there may occur both resonance 
energy transfer (between amino acids) and electronic energy transport of the ac- 


tivated semiconductivity type (from the peptide linkages to the aromatic amino 
acids). 
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LOCATION OF CHLOROPHYLL MOLECULES IN CHLOROPLASTS 
- T.N.Godnev & N.K.Akulovich 


In earlier publications! we drew certain inferences regarding the probable 
structure of the pigment layer of chloroplast granules. Recently there have ap- 
peared reports which indicate that our earlier views and concepts are in need of 
modification. On the basis of studies of polarization of fluorescence Aronoff2 
a Pees nena bee ge cat ore conclude that there is no regular orientation of 

pigment layers. At the same time, Perner's% 
electron diffraction patterns indicate that there is no continuous monomolecular 
film on the protein disks of the chloroplasts. 

In our opinion, light can be thrown on the question of whether the chlorophyll, 
protein and lipoid molecules are coupled into more or less stable complexes by in- 
vestigation of the spectra of live leaves in the process of gradual heating. 

If the chlorophyll molecules are associated with proteins, then at temperatures 
at which there is no denaturation of the protein, there should also be no changes 
in the spectrum of live leaves. When the temperature reaches the point of denatura- 
tion of the protein, spectral changes should occur, inasmuch as the protein-chloro- 
phyll bonds should rupture and the protein should dissolve in the lipoids. On the 
other hand, if the chlorophyll molecules are free to move, i.e., are not bound to 
the protein, then there should be little or no change in the spectra incident to 
heating in the range from 20 to 80°. 

For purposes of the present investigation we took corn (maize) leaves illumi- 
nated for 2 hours, about 1 day, four days and eight days and onion shoots grown 
under winter room conditions for 2 months. The leaves were infiltrated with water, 
placed between two optical glass plates and clamped by the cell frame. For purposes 
of comparison we took etiolated leaves of the same plants which were mounted in the 
same manner in another cell. The measurements were carried out on an SF-4 spectro- 
photometer in the region of the principal red peak (650 to 690 mu). After the in- 
itial measurements, in which the wavelength of the red peak was determined at room 
temperature, the leaves were gradually heated to from 45 to 80° in steps of 3-49 
alternating with measurements on the spectrophotometer. The leaves were heated to- 
gether with the glass plates and frame in order to avoid remounting. The heating 
was carried out in the chamber of an ultrathermostat for 15 min, after which the 
leaves were cooled and mounted in the spectrophotometer. In order to prevent dry- 
ing the mounts were wrapped in moist filter paper. The experimental results are 
given in the accompanying table. 

It will be seen that heating leads to gradual displacement of the red peak to 
the side of shorter wavelengths. The magnitude of the shift differs for different 
specimens and equals 4-6 my on the average. Leaves exposed to light for a longer 
period are somewhat more stable as regards heating. Thus in the case of corn leaves 
illuminated for 2 hours the shift begins at 47°, in the case of corn illuminated 
for 8 days at 53°, and in the case of the onion shoots grown in light at 56°. 
| This result, we believe, is additional confirmation of the close association 
of the chlorophyll and protein molecules into complicated complexes. In all cases 
the beginning of the spectral changes lies in the region of EEcrern denaturation. 
This is understandable in light of the chlorophyll-protein-lipoid complex hypothe- 
sis, inasmuch as regardless of the nature of the bonds, they may be expected to 
rupture in the process of denaturation. On the other hand, it is difficult to ex- 
plain the effect, if we assume that the chlorophyll molecules are free to migrate 

ipoi iun. ‘ 
q ER rer cnce in temperatures at which the shift of the red peak occurs in 
light and dark green leaves may be explained if we assume that, x po ema ” 
stage of formation of the chlorophyll, its molecules are bound only wi e pr 
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Wavelength positions of the principal red peak in the spectra of leaves exposed 
to light for different periods and heated to different temperatures 
eS eee ee 


Corn Onion sprouted 
Pe sib ay, 4 days 8 days in light 
Amax: ° Amax: ° Amax? ° Amax: ° Amax* t, °C 
i ta fai lin AG rae fy, A, iy [ee AG, oe 
671 18 675 18 678 18 678 18 676 18 
671 45 675 45 678 45 
669 47 674 50 677 47 678 50 676 | 
670 50 673,5 53 677 50 675 59 676 50 
669 Sy 671 56 676 53 675 08 676 53 
669 50 670 59 675 06 673 61 675 06 
669 58 671 62 675 59 673 64 675 59 
669 61 669 65 674 62 673 67 674 62. 
667 64 670 68 675 65 673 70 674 66 
667 68 670 1p 675 68 672 73 672 69 
670 74 674 71 672 76 671 72 
670 UL 674 74 671 75 
668 80 674 77 672 78 
674 80 672 81 


tein (Krasnovskii4) , whereas in fully colored chloroplasts there form additional 
bonds of the molecules with each other. Now, however, how can we reconcile the 
electron diffraction patterns obtained by Perner? with the molecular arrangement 
of the chlorophyll on the granular disks follow- 
ing from the calculations of Wolken & Schwertz? 
and the experiments of Rabinowitch & Holt®? Such 
a reconciliation is impossible if we assume that 
the surfaces of the granular protein lamellae are 
planar. 

We suggest that the surface of these disks 
may have a different configuration. It may be 
uneven; on one side there may be convexities - 
small mounds - and on the other side concavities 
- hollows. If we assume that the monomolecular. 
chlorophyll is located at or in these convexities 
and concavities, then, despite the fact that it 
does not cover the entire surface but only indi- 
vidual sections, the effective area occupied by 
it may be approximately equal to that calculated 
by Wolken & Schwertz® inasmuch as unoccupied areas 
will be compensated for heavier accumulations at 
the irregularities. The proposed model is illus- 
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Distribution of chlorophyll trated in the accompanying figure. 

molecules in the pigment layer It is more difficult to explain the strong 

of chloroplasts: 1) protein, depolarization observed by Arnold & Meek’ in live 
2) chlorophyll, 3) carotenoids, chlorella cells and entire chloroplasts. Ina 

4) linoids, 5) lecithin. way, however, this polarization becomes more prob- 


able with arrangement of the molecules on an ir- 

regular surface, which makes their orientation in space variable rather than uni- 
form as on a plane surface. Further, it may be assumed that the linkages of the 
chlorophyll molecules with the protein do not orient them uniformly and rigidly 
in space but allow of a certain vibrational motion favoring the depolarization 
process. 

The localization of chlorophyll found by Perner? and our hypothesis regard- 
ing the configuration of the disk surfaces may be of interest in another respect. 


- 93 - 


Emerson & Arnold8, on the basis of the relative number o 
pbserved in photosynthesis in flashing light, advanced the concept of a "photo- 
synthetic unit » i.e., a minimal number or "quantum" of chlorophyll molecules 
participating in the reduction of one COpg molecule. Emerson & Arnold evaluated 
this number at 2500. Later, Tamiya arrived at a value of 1900; Gaffron & Wol 
found 2000. Other investigators arrived at approximately the same values on the 
basis of the cross section of the absorbing surface necessary for photosynthesis. § 
Weiss, soon ax ter the granular structure of chloroplasts was established, suggest- 
ed that the photosynthetic unit" is morphologically determined by the granules. 
However, the number of molecules in one granule may be as high at 107-108, which, 
of course, differs by several orders of magnitude from the above cited figures. 
Even an individual disk contains around a million molecules and hence can hardly 
be the determining factor. 

In contrast, each accumulation of chlorophyll at the Perner spots consists 
of approximately the number of molecules evaluated for the "photosynthetic unit". 
The diameter of a spot is 195 AS which means that about 19 molecules can be align- 
ed over its length. Inasmuch as the central portion of the spot does not contain 
chlorophyll, the actual number is smaller. In other words, in case of a planar 
arrangement there can be 200-300 molecules within the boundaries of a Perner islet. 
If, however, we assume that the islet is in the form of a mound or hollow, this 
humber can be increased by a factor of about 10, bringing the number into agreement 
with the assumption that the "photosynthetic unit" can be explained morphologically 
in terms of the elementary granular disks found by Perner. The white spot in the 
center of the islets may be the point at which the reduction of the carbon dioxide 
molecule occurs, i.e., the point to which the light energy taken up by the chloro- 
phyll is transferred. 


f reduced COo molecules 
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A NEW FLUOROMETER 
- A.Yu.Borisov & L.A. Tumerman 


l. Phase methods of measuring short intervals of the order of 10-8-10-9 sec, 
although they were developed primarily for the purpose of measuring the excited 
lifetime of atoms and molecules (and hence came to be termed “fluorometric") are 

finding a number of new scientific and technical applications. The most in- 


On the basis of precise measurements of the time required 
ght to t from one given point to another, one can make either precise 

erminations of the velocity of light, if the path length is known, or the dis- 
: , if the speed of light is knowm. This is the procedure used by Bergstrand! 
for the most accurate determinations of the speed of light to date. Bergstrand's 
instrument, which is called an optical geodimeter, and a number of similar designs 
developed in the USSR are now being widely used in geodesic work. The same fluo- 
rometric procedure enabled Bonch-Bruevich? to verify experimentally one of the 
basic postulates of theory of relativity, the postulate stating that the velocity 
of light dees not depend on motion of the source. On the other hand, the same or 
similar procedures can be and in fact have been used for measuring the relaxation 
times of different rapid processes such as the Kerr and Faraday effects. Hence, 
despite the high degree of perfection attained in present-day fluorometers, fur- 
ther work aimed at improving these methods is of scientific and practical impor- 
tance. 

2. The basic idea underlying all fluorometric methods is the following. Let 
@(z) be the fumdamental fluorescence decay lay. This means that if at time zero 
m, molecules were excited, the number of molecules of this initial group still in 
an excited state at time i is n,@/(é). For monomolecular processes the fluores- 
cence intensity at any given moment is proportional to the number of excited mole- 
cules and, consequently, F(z) = F, ®(?). 

It can readily be shown> that if the fluorescence is excited by sinusoidally 
modulated light, i.e., by light the intensity of which varies in time as 


IF (é) = 17, (1 + mcos a) (1) 


(mis the modulation factor), the intensity of the fluorescence will also vary 
with the same frequency, i.e., will be given by 


F (é) = F, [1 + am cos (@t — 5)]. (2) 


The walues of a and < depend on the decay law and the modulation frequency and 
are given by 


a=VELR and tge- 4, (3) 

where ny ~ 
A= | sin (8) ©(6)d6 and B= \eos (w8) © (6) dé. (4) 

a] 0 


Specifically, in the case of the simple exponential decay law @O =e 
these expressions become : aa : 


{ 


vi-e 
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It will be evident from the above relationships that in the case of exponen- 
tial decay, measurement of the phase shift between the exciting light and the fluo- 
pescence enables us to determine the constant tT, which is equal to the mean life- 
time of the excited state of the fluorescing molecules. In the general case, of 
course, it is impossible to establish the decay law from such measurements but 
as Kuznetsova et al™* have shown, the value of tT determined from (5) actually dif- 
fers poetic from the mean persistence of the emission (lifetime). 

It will also be evident from (5) that the product wt should not differ much 
from unity and, consequently, in measuring values of t of the order of 1079 sec 
the modulation frequency must be of the order of tens of megacycles. 

Thus, every fluorometric set-up must comprise a) a device for high frequency 
hodulation of the exciting light and b) an arrangement for measuring the phase 
shift between the exciting light and the fluorescence light. 

In early fluorometer designs (Gaviol5, Dushinskii§, Shimanovskii’) Kerr cells 
were used for high frequency modulation of the exciting light. In 1934 Landsberg, 
Mandel'shtam & Papaleksi pointed out the possibility of designing a light modulator 
based on the diffraction of light by a system of standing ultrasonic waves. This 
Boe was realized almost simultaneously and independently by Tumerman & Shimanov- 
skii® and Maerks? in their fluorometers. The new ultrasonic modulator proved to 
be more convenient in a number of respects than the Kerr cell and has been used 
in almost all the fluorometric instruments designed and built during the last two 
decades both in the USSR and abroad, although it must be noted that in the highly 
perfected Bergstrand optical geodimeter, which does not differ in principle from 
fluorometers, the modulator employed is a Kerr cell. A serious shortcoming of 
ultrasonic modulators is the relatively low intensity of the modulated radiant 
flux. At the present stage of development of fluorometry, when it is frequently 
necessary to measure the duration of very weak fluxes, this becomes a serious 
shortcoming and the problem of designing new high flux modulators is becoming 
pressing. 

: In this connection the electro-optical modulator proposed in 1950 by Bil- 
lings19° is of undoubted interest; this instrument is based on double refraction 
occurring in a plate cut from an ammonium or calcium di-H phosphate crystal per- 
pendicular to the optical axis, when an electric field in the direction of the 
axis is applied to the plate. 

As for the devices for measuring the phase shift between two radiant fluxes, 
there are a number of feasible arrangements differing not only in technical execu- 
tion but also in principle of operation. The various possibilities in this field 
have been reviewed in Refs.l1l & 12. We note, however, that most present-day fluo- 
rometer designs are based on the so-called ''phase fluorometer" proposed by one of 
us? in 1941. The basic arrangement of a "phase fluorometer" is shown in Fig.1. 

If we don't count the first model of such a fluoro- 
meter, designed by Brandt & Tumerman in 1941 and 
lost during the war, the first practical fluorometer 
of this type was realized by Galaninl3, Subsequent- 
ly, the basic design was carefully analyzed and de- 
veloped in the work of Bonch-Bruevich and his co- 
workersl4, Significant improvements introduced by 
Bonch-Bruevich included replacement of the cathode 
ray tube utilized in the initial design as the null 


Fig.1. Basic diagram of phase shift indicator by a phase detector with a 
phase fluorometer: 1) high suitable meter, which is equivalent to appreciable 
frequency stages, 2) mixer, narrowing of the amplifier pass-band. Important, 

3) intermediate frequency too, was the introduction of calibrated phase shift- 


stages, 4) local oscilla- ers and automatic control stages in the amplifier 


tor, 5) oscillograph. channel. 


=~ 196m 


3. In undertaking fur- 
ther development on the phase 
fluorometer, we set ourselves 
the following goals: a) in- 
creasing the sensitivity of 
the set-up, i.e., providing 
for reliable operation of 
the equipment of the equip- 
ment with weak light fluxes, 
b) enhancing the stability 
and reliability of operation 
by minimizing parasitic ef- 
fects, noise and interference 
and c) providing for easy 
change over from one modula- 
tion frequency to another, 
which is particularly import- 
ant for checking the exponen- 


Fig.2. Block diagram of the new phase fluorometer: tial 


1) modulating frequency generator, 2) electro- 


mechanical frequency mixer (“+ f), 3) frequency 


doubler, 4) amplitude limiter, 5) calibrated phase 
shifter, 6 x 6°, 6) noncalibrated phase shifter, 

0 to 150°, 7) calibrated phase shifter, 6 x 1°, 

8) three-stage resonance amplifier, 9) calibrated 
phase shifter, 0 to 36°, 10) millivoltmeter, 11) 
continuously variable phase shifter, 0 to 2°, 12) 
amplifier, 13) cathode ray tube; 


and second channels. 


tubes. 


A diagram of our fluorometer is shown in Fig.2. 


I and II - first 


character of fluorescence 
decay laws. 

In view of these require- 
ments, it was obviously ex- 
pedient to redesign the whole 
equipment for a very low fre- 
quency, and this in turn 
forced us to dispense with 
an independent heterodyne in 
favor of an electromechanical 


frequency converter and to 
replace the usual vacuum tube 
frequency mixer by a new method of frequency mixing based on the photomultiplier 


The modulated light from 


source L passing through the slit S of the conventional ultrasonic modulator M 
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Fig.3. Variation of 
photomultiplier current 
with the voltage on the 
Sth dynode at a constant 
overall supply voltage 
and a constant light 

flux (static character- 
istics). U - voltage on 
the 5th dynode relative 
to the 4th; I - photomul- 
tiplier current; overall 
voltages on the photo- 
multiplier: 1) 1600 v, 

2) 1300 v, 3) 1000 v and 
4) 700 v. All the curves 
are for an FEU-19M photo- 
multiplier tube. 


is divided by the 
glass plate Pl into 
two parts. The re- 
flected light falls 
on the cathode of the 
photomultiplier PM-1, 
while the transmitted 
light excites the 
fluorescence of the 
specimen Flu which is 
then detected by the 
second photomultiplier 
PM-2. The voltage of 
frequency ~ put out 
by the generator sup- 
plying the modulator 
is applied to the 
Schmillen type opti- 
cal-mechanical fre- 
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quency ponverter, where it is combined with the rotation frequency f of a coil 
Synchromized with the power supply frequency and hence rotating at a very steady 
rate. The sum frequency w + f is doubled and applied to the input of the ampli- 
fier-limiter, at the output of which we obtain a voltage of constant amplitude 
and frequency 2” 4+ 2f (in our apparatus 2f = 38 cps). This voltage is applied 
to one of the dynodes of each of the photomultipliers. 

In order to clarify what occurs in the process of measurements, let us con- 
sider the static characteristics of the circuit, i.e., the variation of the photo- 
multiplier output current with the voltage on its dynode. Four such current- 
voltage characteristics obtained for an FEU-19M photomultiplier at different over- 
all voltages on the tube are shown in Fig.3. It will be seen that the curves are 
similar to typical vacuum tube current-voltage characteristics and have a bend 
in the lower portion. 

Obviously, if modulated light of frequency 2wis incident on the cathode of 
the photomultiplier, while a voltage of frequency 2w + 2f is taken off the electro- 
mechanical converter and applied to one of the photomultiplier dynodes (the 5th 
in our case), then with appropriate choice of the voltage amplitude and a constant 
initial voltage on the dynode, the photomultiplier will operate as an efficient 
frequency mixer and at its output we will obtain an alternating low-frequency 
(2f = 38 cps) current. The phase difference between the photocurrents from the 
two photomultipliers, PM-1 and PM-2, will obviously be equal to the phase differ- 
ence between the light fluxes incident on the cathodes of the two photomultipliers. 

In our circuit, the two low frequency currents from the two multipliers are 
applied to the inputs of two identical amplifiers with twin T-network bridges 
tuned to this frequency. The pass band of these amplifiers is ~3 cps. Each of 
the amplifier channels includes a number of precisely calibrated phase shifters, 
by means of which the phase difference can be reduced to zero (as indicated by 
the Lissajous figure on the cathode-ray tube). The conventional measurement pro- 
cedure is employed: first the exciting light is directed onto the cathodes of both 
-photomultipliers and the noncalibrated phase shifters are adjusted to bring the 
‘phases into agreement, then the scatterer in front of the PM-2 is replaced by the 
fluorescent sample and the phase difference is again reduced to zero, this time 
by means of the calibrated shifters. The phase shift is read off the scales of 
the phase shifters and finally the value of t is found by means of Eq. (5). 

Reduction of the frequency from 100 cps, commonly employed in such circuits, 
to 38 cps and the accompanying narrowing of the pass-band from 10 to 3 cps sub- 
stantially enhanced the sensitivity of our circuit as compared with earlier ones. 
True, in view of the fact that the detector amplifies the noise in the mirror 
channel and in the channel with the frequency equivalent to the intermediate one, 
the sensitivity is reduced by a factor Of 273% Also, the impossibility of realiz- 
ing a sufficiently rapidly acting system of automatic amplification control at so 
low a frequency precludes use of a phase detector as a null shift indicator. 
Nevertheless, we obtained a significant improvement in sensitivity as compared 
with the earlier circuit with a synchronizing detector. Furthermore, the absence 
of high-frequency stages in the amplifying system eliminates noise induced in the 
detector by the second harmonics of the oscillator and greatly facilitates change 
over to other modulation frequencies. hip 

Further advantages of the present set-up are, on the one hand, the possibili- 
ty of regulating the input resistance of the amplifiers in a wide range (up to 10 
megohm) which makes it possible to work with low amplifications and make EERIE 
ments with photomultiplier currents to 10-10 amp, and on the other hand, the high 
stability of the intermediate frequency and the precise operation of the phase 


shifters under these conditions. 


=) OSee 


In view of the difficulty of using a phase detector in the given circuit, we 
feel that it may be expedient to increase the intermediate frequency to several 
kilocycles and then replace the electromechanical frequency converter by two inde- 
pendent crystal-stabilized oscillators. However, this modification of our circuit 
would require replacing the ultrasonic modulator by a Kerr cell or an electro- 
optical crystal modulator of the type suggested by Billings. 
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LUMINESCENCE MECHANISM IN PLASTIC SCINTILLATORS 
- I.M.Rozman, E,A.Andreeshchev & S.F.Kilin 


The luminescence yield of organic substances in the condensed phase depends 
on the peroci ty of the exciting charged particles. The efficiency increases with 
decreasing specific energy loss, attaining a maximum value at a linear energy loss 
of about 4 Mev/cm!, The maximum value of the scintillation yield, however, is 
much lower than the fluorescence quantum efficiency. For example, in the AGE of 
anthracene single crystals the fluorescence quantum efficiency n; = 0.94 (Wright), 
while the scintillation energy yield Bs with excitation by high energy electrons 
is 0.062 (Wright3) or 0.10 (Furst et rw) ae i.e., an amount of energy equivalent 
to 28 to 44 ev is expended on the excitation of one molecule to the 'fluorescence 
state . Approximately the same ratio of Nf to Bg obtains for other organic single 
crystals.95,6 

We can evaluate the mean energy expended on activation (ionization or excita- 
tion) of a molecule on the basis of the available experimental data on the inter- 
action of ionizing particles with matter. Thus, the specific energy loss is 


dE 2 
ie ly 


where n; is the number of ionizations and W is the mean energy expended by the 
particle on production of one ion pair. On the other hand, 


dE = de = 


where I is the molecular ionization potential*, w is the mean kinetic energy of 
the non-exciting secondary electrons, n, is the specific number of excited mole- 
cules and /, is the mean molecular excitation potential. 

Eliminating dH/dz, we obtain 
7 Te " W fw 


~ 


For the organic substances of interest to us, we can take (in ev) W = 28, I* 
=9, /,=6 and w=2. Then n,/; ~~ 3.** Consequently, the mean energy expended 
per activation is ¢,~=7-8 ev, which is approximately 1/5 the energy expended on 
excitation of a molecule to the ‘fluorescence state”. 

Thus, in excitation by high energy electrons, in addition to photoexcitation, 
approximately 80% of the total number of activations are lost in organic crystals. 
A number of different hypotheses have been advanced regarding the character of 
these losses. Galanin & Grishin? suggest that only direct excitation of the sys- 
tem of x electrons of the molecule (anthracene) can lead to luminescence, i.e., 
that most of the energy of the ionizing particles is absorbed "nonactively”. 
Birks8,9 advances the theory that only recombination of positive ions with elec- 
trons results in luminescence, i.e., that on the average about 307 ev Of the ener— 7 
gy of an ionizing particle*** is expended on excitation of the "fluorescence state”. 
Broser et all2 assume that interaction of escited molecules with each other makes 


*Strictly speaking, under I we should understand the ionization potential 
plus the average ionic excitation energy. 
*xWhile these results pertain specifically to gases, their application to 
matter in the condensed state does not lead to Sees ES part experiment. 

**k*kThis assumption is connected with the theory of primary photons , the in- 
adequacy of which as regards plastic scintillators has been demonstrated in 


Refs.10 & ll. 
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a significant contribution to scintillation. Reynolds!3, Black!4 and Wright15,16 
infer that bimolecular quenching processes are responsible for the low scintilla- 
tion yield of organic substances. 

It is impossible to verify or definitely disprove any of these hypotheses on 
the basis of the available experimental data. Some of the results of investiga- 
tions of the kinetics of scintillation are contradictory. In view of this, we 
undertook a comprehensive study of the luminescence of one class of organic scin- 
tillators, namely, plastic scintillators. The results obtained do not conflict 
with the bimolecular quenching hypothesis. 


Luminescence Yield of Plastic Scintillators 


We measured the energy yield of plastic scin- 
tillators consisting of 0.015 g/g 1,1,4,4-tetra- 
phenyl-1,3-butadiene (TPB) in polystyrene with ex- 
citation by Co60 y-rays. The y-radiation dose rate 
D was calculated by the method given in Ref.18. 

The luminescence intensity F was measured in abso- 
lute units by means of a calibrated set-up consist- 
ing of a photometric sphere, a photomultiplier and 

a mirror galvanometer. To reduce reabsorption, the 
scintillators were mounted (in glycerol) in a speci- 
al plexiglass container, the geometry of which pre- 
cluded total internal reflection (from the container 
surface) of the photons emitted by the specimen 
(Fig.1). The "trapping'' of fluorescence owing to 
total internal reflection at the specimen-glycerine 
Fig.1. Experimental arrange- interface (relative index of refraction 1.13), tak- 


ment for measuring lumines- ing into account the secondary fluorescence amounted 
cence yields: 1) FEU-S photo- to about 2%, which is appreciably smaller than the 
multiplier, 2) photometric experimental error. Naturally, the absence of "trap- 
sphere, coated with MgO, 3) ping'' of fluorescence does not mean the absence of 
screen coated with MgO, 4) self-absorption. The measurement results, listed 
plastic scintillator, 5) in Table 1, show that the yield increases somewhat 


glycerol, 6) plexiglass con- with decrease of the scintillator size, which is in 
tainer, 7) steel needle, 8) agreement with results of calculations. (For a de- 
coS0 source, 9) lead shield, tailed description of the experimental technique 
10) aperture for light. see Ref.19.) 
Extrapolation of the luminescence yield of 
Table 1 1.51072 g/g TPB scintillators to zero mass yields 
Variation of the luminescence a value of B = 0.038. Taking into account the pos- 


efficiency F/D with sible errors in determining the absolute sensitivi- 
scintillator size ty of our set-up and the y dosage rate, we evalu- 
. ate the uncertainty in the above value as +20%. 
presen Mass, mé E100 The specific scintillation response (number 
\ D , of photons per unit absorbed energy) in the given 
Sphere 33 3,87-40,34 scintillator is 
ae mee z 
Cylinder 314 eRe as neue LA Photona/key 


Sphere 423 3,560, 11 


(hy = 2.66 ev is the energy of the photons in the 
emission of TPB). 
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It must be noted, however, that under the i 
primarily polystyrene molecules are activated in the plastic scintillator. Hence 
the luminescence efficiency and the scintillation response depend on the effici- 
ency of energy transfer from the polystyrene to the impurity (TPB). In order to 
exclude the influence of unknown factors, we compared the luminescence of a TPB 
scintillator with that of pure polystyrene with excitation by B-particles (Cel44— 
—pri44). After appropriate corrections for self-absorption of the fluorescence 
we found that the specific scintillation response in polystyrene is almost 4 mes 
lower than in the plastic scintillator with TPB; specifically, s} ¥ 4 photons/kev, 
1.€., approximately 250 ev are dissipated in polystyrene for the production of one 
photon. The fluorescence quantum efficiency Ny for polystyrene with excitation by 
254 mu light is 0.09.19 With increase of wavelength, i.e., decrease of the absorp- 
tion coefficient, n) rises, attaining a value of 0.16 at X\ = 302 mu. Taking this 
value of n,, we find that about 40 ev of the absorbed fast-electron energy is ex- 
pended on excitation of a polystyrene molecule to the "fluorescence state", i.e., 
approximately the same amount of energy as in anthracene. 


nfluence of ionizing radiation, 


Luminescence Decay in Polystyrene 


We measured the "fluorometric time" of polystyrene on a multifrequency phase 
fluorometer2°, The fluorescence lifetime is given by 


ca 


\ R (é) sin wtdt 
(1) 
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‘1=_ tgO= 


| 
@ foo) 
\ R(t) cos w tdt 
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where © is the modulation frequency of the exciting radiation, A(t) is the lumi- 
mescence decay law, and @ is the phase shift between the luminescence and excit- 
ing light. The results (Table 2) show that the decay law differs from the expon- 


ential. Moreover, Tf 1 decreases with increase 


’ 


Table 2 of w, which is in qualitative disagreement with 

"Fluorometric time’ tf] Of poly- Birks "primary photon" theory®»9 but is consist- 

styrene with excitation by ent with the hypothesis postulating bimolecular 
30 kev electrons quenching processes. 


For purposes of further discussion, let us 
Bgia tan $, assume the following simplified scheme: at the 
initial instant the track of a fast exciting 
electron consists of a certain number «JV, of 
activated molecules, which are isolated from 


Modulation} Phase 
frequency | angle 
W, 108 sect 


10-8 sec 


0,502 14. 62-0,4 all other activated molecules, and a number «,/V, 
0,754 38,8 10,7+0,4 of activations concentrated in "clusters"21, not 
0,942 ee 9,2+0,3 all of which contain the same number of activa- 

1,26 48,6 8,9+0,2 


tions. The variation in the number n(t) of mole- 
cules of the first group and n,(t) of the second 
group with time is given by the following equations (in the absence of excitation 


energy transport): 


dn 8 2 
dn ome oer ae See net 

Gps Nudt a, ws Vierwogn, 
1/\ is the mean lifetime of the excited state of the molecule in the 


where T = 
| nal quenching and p is the rate constant for the bimolecular 


absence of additio 


enching reaction. 
5 auado not make a distinction between ionized and excited molecules which is, 


i i = 22 
apparently, allowable inasmuch as recombination occurs within 10-11 sec. 
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The solution is of the form 


= anlage ann hte ae (2) 
N= ne NG i“ a Ac weyedd( 
The scintillation ; 
S=\ dyNat = Wo E L ote : In(1 4 fr) | (3) 


0 
depends on the specific choice of the parameters 4, and /B. 
It is known that the temperature quenching of the luminescence of polystyrene 
with excitation by ionizing particles agrees in a wide temperature range with the 
quenching of the fluorescencel9,11, i.e., 


S/n = const (--5%) (4) 


for a factor of 3 variation of 7,(4). According to Eq.(3), this is possible when 
a) BK 1, b) a» K 1 orc) BAS 1. The first two cases correspond to negli- 
gible bimolecular quenching and are in conflict with the experimental results 
(Table 2). 

Let us, therefore, consider the B>> X case. From (3), we obtain for the 
specific scintillation response 


No ; 
— ny | a ae ae In (4 +8/)| 


Substituting the numerical values for polystyrene, namely, s = 4 photons/kev, 
ny = 0.16 and NV,/E = 1.8 ev, we obtain 


a+ He-= In (4 45 Bed) 24 (5) 


If,in conformity of the Galanin-Grishin hypothesis, we assume that an appreci- 
able fraction of the activations is ineffective, we must replace JV, in Eq.(3) by 
8(N,) with 6<1. In this case, instead of (5), we obtain 


' mn 
Oe In (1 +B) =", atae=1. (6) 


The results of evaluation of the parameters B/X and a, depending on the 
choice of 8, calculated by means of Eq.(6), taking Eq.(4) into account, are list- 
ed in Table 3. The experimental and calculated (by means of Eqs.(1) & (2) values 
of tan ® are compared in Bios2.e Satisfactory agreement for polystyrene is ob- 
tained with § ~ 1, B/d F102 and g,+ 0.8. Consequently, the initial rate of bi- 
molecular quenching is approximately 102 times higher than the rate of monomolecu- 
lar processes (quenching and emission). As the molecules are deactivated, the 
rate of bimolecular quenching falls off rapidly, although the "clusters" Pee 
make some contribution to the total scintillation. 

It must be emphasized that our deduction regarding the presence of bimolecu- 
lar quenching processes is based on the luminescence decay of polystyrene being 
nonexponential (Table 2). It may, however, be assumed that this nonexponential 
character of the decay is only apparent, i.e., that there are present in poly- 
styrene a number of fractions, each decaying according to exponential laws with 
different rate constants. This hypothesis can only be checked by further careful 
measurements of fluorescence decay in polystyrene. 


*We take this occasion to thank N.V.Khaikhyan for performing the calculations. 
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Table 3 
Values of B/X and a. as calculated accord- 
tone F ing to Eq.(6) for different values of § 
Curve No. 
3 (8/\)min B/A Ze in Fig.2 
; born cai Re ma 
60 ORG B 
0,75 60 100 0,75 
1000 0,72 
30 0,68 3 
j 0,50 30 106 0,63 4 
1000 0,60 
An, 
0,20 0 5s me 5 
0 7 ? w/A Conclusions 
Fig.2. Variation of the phase angle The fact that the temperature quench- 
tan ® for polystyrene with the modu- ing of fluorescence of polystyrene agrees 
lation frequency ©/. (juxtaposition with the temperature quenching of its scin- 
of experimental data with the calcu- tillation indicates at any rate that the 
lated curves). Experimental points: additional quenching in the process of 
@- 2X = 7.2°107 sec-l1, O-} = 8.4: scintillation has a very high rate (>1010 
"107 sec-l, K - 2X = 9.0-107 sec7l, sec-l), On the other hand, the specific 
Curves 1 thru 5 are calculated for scintillation response is only about 5 
the parameter values indicated in times smaller than the value that might 
Table 3. be expected in the case of complete ab- 


sence of additional quenching. We see 
only two ways in which these facts can be reconciled: 1) we can assume the pres- 
ence of "instantaneous" quenching for some fraction of the primary activations, 
for example, because of "inactive" absorption? or owing to local temperature ris- 
es23,24, or 2) we can assume the presence of bimolecular quenching for some frac- 
tion of the primary activations, as we have done herein. 

The second assumption leads to differences between the decay laws for scin- 
tillation and fluorescence. The experimental data now available are not in con- 
flict with this conclusion, but, unfortunately, are not adequate to substantiate 
it unambiguously. 
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LUMINESCENCE SPECTRA OF QNPO AND POPOP IN DIFFERENT SOLVENTS 
- E.N.Matveeva, M.N.Medvedev & M.D. Shafranov 


In the present report we give the results of measurements of the luminescence 
yield and luminescence spectra of plastic scintillators in which QNPO and POPOP* 
were used either as the principal activators or as additives (spectrum shifters) 
in solutions of paraterphenyl in polystyrene, polyvinyltoluene and poly-2,5- 
-dimethylstyrene. 

The relative luminescence yields of the plastic scintillators with excitation 
by Co60 y-rays were measured on a set-up consisting of an FEU-19M photomultiplier 
and an EPPV-51 electronic recorder. The plastic scintillator samples were in the 
form of 30 mm diameter cylinders, 10 mm thick, with polished surfaces. The quan- 
tity measured in each case was the average photomultiplier current. The results 
are listed in the accompanying table; all the values are referred to the mean cur- 
rent for the scintillator containing 2% p-terphenyl in polystyrene (taken as 100%). 
The relative error is estimated to be less than 3%. No corrections were made for 
differences in the luminescence spectra and variations in the spectral response of 
the FEU-19M tube. 


Relative yields of y-excited luminescence of different plastic scintillators 


Sample Scintillator Luminescence 

No. yield, rel.units 
1 2% p-terphenyl in polystyrene 100 

2 0.05% QNPO in polystyrene 24 
S 0.05% QNPO in polyvinyltoluene 57 
4 0.05% QNPO in polydimethylstyrene 15 

5 2% p-terphenyl + 0.05% QNPO in polystyrene 135 

6 2% p-terphenyl + 0.05% QNPO in polyvinyltoluene 171 

7 2% p-terphenyl + 0.05% QNPO in polydimethylstyrene 29 

8 0.1% ONPO in polystyrene 38 

9 0.1% QNPO in polyvinyltoluene 80 
10 0.1% QNPO in polydimethylstyrene 20 
11 2% p-terphenyl + 0.1% QNPO in polystyrene 141 
12 2% p-terphenyl + 0.1% QNPO in polyvinyltoluene 171 
i3 2% p-terphenyl + 0.1% QNPO in polydimethylstyrene 35 
14 Polystyrene 8 
15 Polyvinyltoluene 14 
16 Polydimethylstyrene 1.5 
ae 0.02% POPOP in polystyrene 29 
18 0.05% POPOP in polystyrene 37 
19 0.1% POPOP in polystyrene 54 
20 0.5% POPOP in polystyrene 100 
21 1.0% POPOP in polystyrene 103 
22 2% p-terphenyl + 0.02% POPOP in polystyrene 143 
7! 2% p-terphenyl + 0.05% POPOP in polystyrene 143 
24 2% p-terphenyl + 0.1% POPOP in polystyrene 144 
25 2% p-terphenyl + 1.0% POPOP in polystyrene 140 
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*ONPO - 2-(1-naphthyl)-5-phenyloxazole; POPOP - 1,4-di-(5-pheny1-2-oxazolyl) - 
-benzene. 
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Fig.l. Luminescence spectra of plastic 
scintillators with POPOP and with 2% p- 


-terphenyl + POPOP in polystyrene. 
indicated percentages are by weight. 


The 
The 


ordinates are energy values in arbitrary 


units. 

ing the 
graphic set-up. 
spectra 
maximum 


luminescence due to the solvent. 


Lower right - curves characteriz- 
quantum sensitivity of the spectro- 


The luminescence spectra were 
investigated, using the same speci- 
mens, on a set-up consisting of an 


ISP-28 spectrograph, 


an FEU-1LOM photo- 


multiplier and an EPPV~-51 recorder. 
The photoluminescence was excited 

by mercury lines selected by an ap- 
propriate filter from the radiation 


of a PRK-7 mercury 


ments were performed at 20°C. 


tube. 


ALI measure 
In de- 


termining the luminescence spectra 

as functions of the activator concen- 
tration and the solvent particular 
attention was paid to linearity and 
stability of operation of the spectro- 


graphic set-up. 


Tests showed that 


the set-up operated in the linear re- 
gion with a high degree of stability 


(within 2%). 


The quantum sensitivity 


of the set-up was determined with 
reference to an incandescent bulb 
with a color temperature of 2870°K 
and is shown at the lower right in 


ipageen Jer 


In addition to the luminescence 
spectra of scintillators with differ- 
ent concentrations of POPOP in poly- 
styrene, with and without 2% p-ter- 
phenyl (Fig.1), we obtained the lumi- 
nescence spectra of plastic scintil- 
lators with 0.05 and 0.1% QNPO alone 
and in solutions with 2% p-terphenyl 
in polystyrene, polyvinyltoluene and 
poly-2,5-dimethylstyrene (Fig.2). 

It will be evident from the 
spectroscopic curves reproduced in 
Figs.1 & 2 that the luminescence 


of the plastic scintillators under study are located in the region of the 
spectral response of the FEU-19M photocathode and do not comprise any 
The difference between the luminescence yields 


(table) of scintillators containing 0.05% and 0.1% QNPO and the same concentra- 
tions of QNPO + 2% p-terphenyl may be attributed to the different properties of 


the solvent. 


The investigated solvents (polystyrene, polyvinyltoluene and poly- 


dimethylstyrene) differ as regards their luminescence spectra with excitation by 
UV and as regards their luminescence yields with excitation by C060 Yy-rays; thus, 
for example, the luminescence spectrum of polystyrene is located in the ~2700 to 
3600 A region, while the spectrum of polyvinyltoluene lies in the ~3100 to 5000 


A region. 


Polydimethylstyrene has a very weak luminescence. 


The absence of the characteristics luminescence of the solvent in the record- 
ed spectra is consistent with the hypothesis of efficient excitation energy trans- 
fer from the solvent to the luminescent impurity.1,2 
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Fig.2. Luminescence spectra of 
plastic scintillators with QNPO 
and 2% p-terphenyl + QNPO in 
different solvents. The figures 
in the circles indicate the sol- 
vent; 1 - polystyrene, 2 - poly- 
vinyltoluene and 3 - polydimethyl- 
styrene, 


The introduction of p-terphenyl 
increases the luminescence yield of 
scintillators over that obtained 
with QNPO and POPOP alone. The in- 
crease of the light output may be 
explained by the fact that the ex- 
citation levels of p-terphenyl are 
intermediate between the excitation 
levels of the solvent and impurity 
molecules. This intermediate posi- 
tion of the excitation levels of 
p-terphenyl presumably increases 
the probability of energy transfer 
from the solvent to the QNPO or 
POPOP molecules. 
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QUENCHING OF THE PHOSPHORESCENCE OF ORGANIC DYES BY ELECTROLYTE IONS 
- AE. Pankeeva 


While quenching of fluorescence by foreign substances has been systematically 
investigated by Vavilov and his co-workers!-4, there have been few studies’» of 
quenching of the phosphorescence of organic dyes. Most investigations in this 
field were concerned with concentration quenching of the fluorescence. ’~19 Studies 
of the quenching of phosphorescence by extraneous substances are of interest inas- 
much as they can further our understanding of the phosphorescent state. 

The present work was concerned with investigation of quenching by electrolyte 
ions of the phosphorescence of organic dyes at liquid oxygen temperature. Speci- 
fically, we investigated the behavior of fluorescein and trypaflavine in different 
solvents, namely, formic and acetic acids and ethyl alcohol. By way of quenchers 
we used two types of electrolytes: weak electrolytes, such as MnClo, Mn(NO3) 9, 
NiSO4, Ni(NO3)9, etc., and strong electrolytes, such as NaCl, NaNOs3, KI, KBr and 
KF. The measurements were made by the photoelectric technique with the phosphores- 
cence being observed through an orange (520-620 mu) filter. 

Both the organic dyes under study emit intense luminescence in the indicated 
solvents at liquid oxygen temperature. The solvents themselves exhibit a blue 
afterglow at this temperature, but the intensity of this afterglow is so low com- 
pared with the intensity of the dye luminescence that it can be neglected. 

Experiments show that the phosphorescence decay laws for both fluorescein and 
trypaflavine in the enumerated solvents are exponential. The mean lifetime T mea- 
sured in the 520-600 mu region for fluorescein is 3.7 sec in formic acid and 3.21 
sec in acetic acid. For trypaflavine tT measured in the same spectral region is 
0.95 sec in formic acid, 2.24 sec in acetic acid and 2.51 sec in ethyl alcohol. 

In order to determine whether any chemical reactions occur in the dye solutions, 
we investigated both the absorption and emission luminescence spectra of the dyes 
in the presence of quenching agents. Measurements of the absorption spectra of 
fluorescein and trypaflavine in different solvents showed that the presence of 

the extraneous substances (quenchers) has no significant effect on the absorption 
spectrum. In some cases, however, there is observed an increase of the absorption 
as a result of addition of the extraneous substance. Thus, for example, the total 
absorption of the solution increases as a result of addition of NiSO4 or Ni(NO3) 9 
to the dye solution, which can be explained by overlapping of the absorption spec- 
tra of the dye and quencher. The presence of impurities (electrolyte ions) does 
not significantly affect the shape and position of the integral luminescence spec- 
tra of trypaflavine in any of the investigated solvents or of fluorescein in ace- 
tic acid. Only the phosphorescence intensity is affected by the extraneous sub- 
stance: in the case of weak electrolytes, the phosphorescence intensity decreases. 
Weak electrolytes have a noticeable influence on the integral luminescence spectrum 
of fluorescein in formic acid. The addition of MnCl,, Mn(NO3)9 or NiSO4, for ex- 
ample, flattens out the luminescence peak in the 540-600 mu region and strengthens 
the initially weak peak at 490 mu, as may be seen in Fig.l. 

In view of the evidence furnished by the absorption spectra, we consider the 
quenching by electrolytes to be a purely physical process. As a measure of the 
quenching action one can take the ratios I/Io9 and tT/To, where I, and tT, are the 
phosphorescence intensity and lifetime of the molecule in the metastable state in 
the absence of a quencher and I and T are the respective values in the presence 
of a quencher. 

Strong electrolytes have an opposite influence on the luminescence spectrum. 
The addition of strong electrolytes leads to rise of the long wavelength peak of 
fluorescein both in formic acid and in acetic acid, and has no noticeable effect 
on the position and shape of the principal maximum at ~490 mi (Fig.1.). 
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Fig.2. Quenching of the phosphorescence of organic dyes by paramagnetic substances 


(weak electrolytes) as a function of the quencher concentration c: 


trypaflavine in 


acetic acid, quencher MnClo, 1) I/Ip, 2) T/t9; fluorescein in formic acid, quencher 
NiSOq4: 3) I/Ig, 4) T/to; trypaflavine in ethyl alcohol, quencher Mn(NO3)9: 5) I/Ig, 
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Fig.3. Quenching of phosphores- 
cence by paramagnetic substances 
as a function of the quencher 
concentration c. Variation of 
log I with c: 1) fluorescein in 
formic acid, quencher NiS04, 2) 
trypaflavine in acetic acid, 
quencher Ni(NO3)9, 3) trypa- 
flavine in acetic acid, quencher 
MnClg. Variation of log T with c 
for fluorescein in formic acid: 
4) quencher NiSO4, 5) MnClg and 


6) ets. 


As will be evident from Fig.2, weak elec- 
trolytes reduce both the phosphorescence inten- 
sity of the dyes and the lifetime of the meta- 
stable state. It will also be evident from 
Fig.2 that the variations of I and T with in- 
creasing concentration are not parallel. 

The theoretical calculations of Sveshni- 
kovl° and the computations of Koitsumi & Katoll 
indicate that in the case of molecules with 
three levels, under certain conditions, there 
is proportionality between the variations of 
I and t. Koitsumi & Kato interpret this fact 
as indicative of quenching only on the meta- 
stable level. In our case (Fig.2) the devia- 
tion from proportionality between I and T can 
be explained by quenching on both the labile 
and metastable levels. Our experiments show 
that decrease of both I and Tt as a function of 
the quencher concentration is exponential, i.e., 
the plots of log I and log T vs c are straight 
lines (Fig.3). 

Whereas weak electrolytes operate to quench 
the phosphorescence, strong electrolytes either 
have no effect or in some cases intensity the 
phosphorescence. Thus the phosphorescence in- 
tensity of a dye solution increases by 61% as 
the KBr concentration in the solution is in- 
creased from 0.1 to 0.6 mole/liter. 

We also determined the variation of T un- 
der the influence of strong electrolytes. We 
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found that t does not decrease in all cases. The results for fluorescein and 


uranine quenched by KF are shown in Tables 1 & 2. 
Most of the tested diamagnetic substan- 


Table 1 ces (strong electrolytes) are "good" fluores- 
Effect of KF on the phosphorescence cence quenchers. In view of this we can in- 
of fluorescein in aqueous solution fer that diamagnetic ions, which are capable 


of boric acid at -183° of influencing the fluorescence state of dye 
SS ER TE Rr molecules under ordinary conditions, at low 
pelea eters ake temperatures promote transition of the mole- 
mole/liter ‘ cules to the phosphorescence state. 


Weak electrolytes are also capable of 
quenching the fluorescence, but quench the 


BOD 6 phosphorescence to an even greater extent. 
0,2 2,47 Thus, for example, MnClog at a concentration 
oe aie of 0.3 mole/liter decreases the fluorescence 
0.5 226 intensity of fluorescein in formic acid by 
a factor of 1.4, whereas under the same con- 
Table 2 ditions the phosphorescence intensity is 


Effect of KF on the phosphorescence quenched by a factor of 4. Or, as a result 
of uranine in formic acid at -183° of addition of 10.2 mole/liter NiSO4 to a 
solution of trypaflavine in formic acid the 
Quencher fluorescence is quenched by a factor of 2.7, 
a oe T, see the phosphorescence by a factor of 6.4. 
Thus, it is evident that the quenching 
of phosphorescence differs from the process 


0 

0925 2389 of quenching of fluorescence. Paramagnetic 
nip 2,78 ions (weak electrolytes) affect the meta- 
0:4 6:0 stable state in that they further nonradia- 


tive transitions from the metastable to the 
ground state, while diamagnetic ions (strong 
electrolytes) promote transitions of the molecules from the metastable to the 
labile state. Our experimental results are in agreement with Terenin'sl2 theory 
regarding the nature of the metastable state. The mechanism of phosphorescence 
quenching by paramagnetic ions is similar to the mechanism of phosphorescence 
quenching by oxygenl2, 
I desire to express my gratitude to N.A.Lebedev for his constant attention 
and guidance. 
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PHOTOLUMINESCENCE OF PHTHALIC ACID AND BENZOIC ACID ESTERS 
- I.B.Dubinskii 


The purpose of our work was to study the photoluminescence of the esters of 
two aromatic acids, namely, phthalic and benzoic acid. 


acids was studied by Pyatnitskii and his coworkers! ,2. 
gated two esters of phthalic acid - diethyl phthalate and dibutyl phthalate - and 
two esters of benzoic acid - ethyl benzoate and butyl benzoate. 

For purposes of the study we developed a photoelectric set-up for recording 
fluorescence and phosphorescence spectra, as well as determining the decay laws 
for luminescence having a mean lifetime >0.2 sec (Fig.1). . 


The substance was placed in a chamber with 
two windows, fitted with shutters (not shown in 
the figure). The entry window was covered with 
a UFS-2 (violet) light filter. The excitation 
source was a PRK-2 mercury tube. A horizontal 
beam of light from the lamp, passing through the 
filter, fell on the coated aluminum mirror (4) 
and was reflected onto the test substance con- 
tained in a porcelain dish. The luminescence 
light was reflected by a second mirror (5), posi- 
tioned to reflect the light in a direction per- 
pendicular to that of the excitation beam, passed 


The luminescence of these 
Specifically, we investi- 


Fig.l. Experimental arrange- through the exit window of the chamber and illumi- 

ment: 1) chamber for the in- nated the entry slit of the MS-III. The light 

vestigated substance, 2) light from the monochromator was picked up by an FEU-19 

filter, 3) mercury tube, 4 & photomultiplier, which was connected to a dc 

5) mirrors, 6) monochromator, amplifier and a recording unit. An MA-750 micro- 

7) photomultiplier, 8) dc ammeter was used as the recording unit in obtain- 
amplifier, 9) recording unit. ing the integral luminescence spectra. For re- 


cording the phosphorescence spectra and decays an 
Eidelman-Luntz electrometer was coupled to the amplifier output. 

The purity of the solvents was evaluated from the intensity of its intrinsic 
luminescence. Our carbon tetrachloride did not luminesce. After one distillation, 
the luminescence of our alcohol amounted to less than 1-2% that of the solutions, 
which we considered to be negligible. The phosphorescence decay process was re- 
corded on photographic filn. 

The amplifier and rectifier were constructed by A.N,Abramenko, whom we take 
this opportunity to thank. 

The procedure employed in studying the luminescence of the esters at low 
temperatures was the same, except that the dish containing the substance was placed 
in a Dewar containing liquid oxygen. The same amount of each substance (2.5 cm3) 

was used in all measurements. In order to prevent the formation of frost on the 
surface of the test substance, it was covered by a thin layer of liquid oxygen 
after it had solidified. 

The absorption spectra were photographed on an ISP-22 quartz spectrograph. 

A PRK-2 mercury tube was used as the light source. The test substance Woe con- 
tained in a quartz cell. The spectra were scanned on an MF-2 microdensitometer. 

We studied both the pure esters and their solutions in ethyl alcohol and car- 
bon tetrachloride at concentrations of l, 10-1, and 10-2 mole/liter. It was found 
that the decay of the phosphorescence of the pure esters as well as that of their 
alcohol and CCl, solutions was adequately described by two POE butyl 
benzoate was an exception in that its phosphorescence decay in some cases must 
be represented by three exponential curves (see Fig.2 and the table). 
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Fig.2. Decay of phthalic acid and benzoic acid esters: 1) diethyl phthalate in 

alcohol (c = 0.1-107! mole/liter); 2) ethyl benzoate in CClq4 (c = 0.1 mole/liter) ; 

3) butyl benzoate in CCl, (0.01 mole/liter); 4) butyl benzoate in CCl4 (0.1 mole/ 

/liter); 5) butyl benzoate in CClq4 (1 mole/liter); 6) butyl benzoate pure; 7) 

ethyl benzoate in alcohol (0.01 mole/liter); 8) butyl benzoate in alcohol (0.01 

mole/liter); 9) dibutyl phthalate in alcohol (0.01 mole/liter); 10) diethyl phthal- 
ate in alcohol (0.01 mole/liter). 


Variation of tT with the concentration and solvent decay of phosphorescence 
of several esters and their solutions 
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It was found that the ester molecules have the longest metastable state life- 
time in alcohol solutions, and the shortest lifetime in CClq4 solutions. 

As noted, the mean lifetime of the molecules in the metastable state, especi- 

ally in the initial stages, does not depend on the concentration (ethyl naisede 

was an exception; for it tT increased with dilution). However, another effect was 
observed in the alcohol solutions as the concentration decreased, namely, the life- 
times became constant for each group of esters at a Contenteatton of 0. O1 mole/ 
/liter: 0.80 seconds for dibutyl phthalate, 0.78 seconds for diethyl phthalate, 
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and 2.53 seconds for both butyl benzoate and ethyl benzoate. 


A : This type of con- 
cen ration dependence of Tt was not observed in the case of the carbon tetrachlor- 
ide solutions. 


In the liquid phase the investigated esters exhibit only fluorescence. The 
fluorescence peaks in the spectra of all the esters are located in the violet re- 
gion (for dibutyl and diethyl phthalates, \max = 436 mu and 440 mu; for butyl ben- 
zoate, Amax = 410 mu; for ethyl benzoate, Amax = 408 mu). 

It was found, in studying the spectral characteristics of the luminescence 
of the esters, that the luminescence spectra changed with changes in the concen- 
tration of the solutions; this was presumably due to association of ester mole- 


cules. Analogous variations have been observed by a number of authors for dyes 
and other organic compounds3-7, 

The emission spectra of dibutyl phthalate, diethyl phthalate and butyl ben- 
zoate are the same as regards shape and position in alcohol and carbon tetrachlor- 
ide. Deviations are observed for ethyl benzoate; here, the luminescence spectrum 
of the alcohol solution is shifted to the short wavelength side relative to the 
CCl4 solution spectrum. The shift is equal to 30 mu at c = 1 mole/liter, 12 mu 
at 0.1 mole/liter, and virtually zero at 0.01 mole/liter. 

The luminescence of the benzoic acid and phthalic acid esters is character- 
ized by an appreciable built-up time. The phosphorescence of the frozen solutions 
did not reach its maximum intensity instantaneously, but required 1-3 seconds; 
in general, for a given substance the phosphorescence growth and decay constants 
are nearly equal. Thus, for example, it was found that the growth constant for 
dibutyl phthalate was 0.695 seconds, while its decay constant was 0.700 seconds. 
There is an abrupt rise in the emission intensity at the initial instant of ex- 
citation (this is the fluorescence); this is followed by a gradual growth in the 
intensity of the persistent luminescence (phosphorescence). We also recorded the 
absorption spectra of the esters in alcohol and carbon tetrachloride solutions at 
room temperature. In all cases the absorption began at 310 my and extended into 

the far ultraviolet, without showing a peak. 
We express our sincere thanks to our supervisor N.A. Lebedev. 
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VARIATION OF THE LIFETIME OF THE EXCITED STATE OF ORGANIC LUM INOPHORS 


WITH THE WAVELENGTH OF THE EXCITING LIGHT 
- G.M.Kislyak 


It has been shown in numerous investigations that the fluorescence lifetime 
of organic dye molecules in solutions does not depend on the wavelength of the ex- 
citing light and that the decrease of the luminescence quantum efficiency in the 
anti-Stokes region can be explained by first order quenching. 

The purpose of the present work was to determine the influence of the wave- 
length of the exciting light on the decay law and the duration of phosphorescence 
of organic dyes. Specifically, we investigated the behavior of trypaflavine (in 
methyl, isoamyl, n-butyl and ethyl alcohols, acetone, glycerol, acetic and formic 
acids) fluorescein (in methyl, ethyl and acidified ethyl alcohols, formic, sulfur- 
ic, acetic and boric acids) and rivanol in ethyl alcohol. 

The measurements were made at liquid oxygen temperature for all the enumer- 
ated substances and, in addition, at room temperature for fluorescein in boric 
acid. In each case the investigated substance was excited by monochromatic light 
of different wavelengths from 400 to 500 mu and the resultant emission was focused 
on the cathode of an FEU-19 photomultiplier coupled to an MPO-2 magnetoelectric 
oscillograph through a dc amplifier.* All the solutions were frozen for at least 
one half hour in liquid oxygen before starting measurements. To insure mainten- 
ance of a constant temperature during the time of the experiments, the surface of 
the frozen specimens was covered with a thin layer of liquid oxygen. Control ex- 
periments showed that this did not affect the measured values. 

The experimental results 
j for trypaflavine in isoamyl 
P ane eae 20 Z and methyl alcohols and for 
j ey fluorescein in methyl and 
! acidified ethyl alcohols are 
400 450 500 400 450 Amp shown in Fig.1. It will be 


pre ’] UASee 3 


tyeee ? Ble pune 4 seen that the persistence of 

, coer re aN : phosphorescence remains con- 

: ; stant up to a certain wave- 

length and then with further 
400 750 500 400 750 Amp increase of the exciting light 
Amp wavelength the lifetime of 

Fig.1. Variation of the duration of phosphorescence the excited state begins to 
with the wavelength of the exciting light; 1) decrease, 
trypaflavine in isoamyl alcohol, 2) trypaflavine Comparison of the absorp- 
in methyl alcohol, 3) fluorescein in methyl alco- tion with the emission spectra 
hol, 4) fluorescein in acidified ethyl alcohol. showed that the beginning of 


Concentration in all solutions 1074 g/cm3, the decrease in phosphores- 


cence persistence occurs at 
the wavelength corresponding to the beginning of the short wavelength part of the 


luminescence spectrum, i.e., with the edge of the anti-Stokes region (Fig. 2) For 
trypaflavine in isoamyl alcohol this wavelength e ice 
quals 470-475 mu; f 

in methyl alcohol ~450 mu. Se, a 
A similar dependence of the excited state lifetime on the wavelength of the 

exciting light in the anti-Stokes region was observed for trypaflavine and fluor- 

escein in all the investigated solvents and for rivanol in ethyl alcohol. The 

wavelength at which the decrease in the persistence of phosphorescence begins 


*A detailed description of the experimental set-up will be given elsewhere 
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differs for different dyes in different sol- 
vents, being equal in each case to the wave- 


length of the edge of the anti-Stokes region. 

Thus our experiments showed that the 

: wavelength of the exciting light influences 

Y ous metastable state of the molecules, increas- 
ing the probability of Q-transitions from the 
metastable to the ground state. Since the @ 
transition probability is equal to the sum of 
the probabilities n and qo, ise. athe sprobabili- 
ties of radiative and nonradiative transitions 
to the ground state, it may be inferred that 
the wavelength of the exciting light increases 
the nonradiative transition probability qg to 
ae ereaversexrenb  unanmethiesraddatl Vem transition 
probability x and that the decrease of the 
phosphorescence quantum efficiency in the anti- 
-Stokes region can be explained by second order 
quenching. However, the question of the mech- 
anism of the influence of the wavelength on the 
probability Q, i.e., on the lifetime of the excited 
state, remains open. 

For trypaflavine in formic acid the variation 
a3 of the excited state lifetime with the wavelength 

OL thesexciting lisht difiters strom thatedeseribed 
above. The persistence of phosphorescence of trypa- 
400 250 500 flavine in formic acid increases with increasing 
Ame wavelength of the exciting light. As will be evident 
Bis.3. Variation of Ty of from Fig.3, however, the increase is observed only 
trypaflavine in 85% formic up to a certain wavelength after which further in- 
acid with the wavelength of crease of the exciting light wavelength leads to re- 
the oe ns LIS ge ee duction of the lifetime of the excited state. The 
10-4 g/cm”). wavelength at which the persistence of phosphores- 
cence begins to decrease, as in the case described 
above, corresponds to the edge of the anti-Stokes region. In addition, for trypa- 
flavine in formic acid, there are actually two phosphorescence decay times differ- 
ing by 0.7-0.8 sec. Nevertheless, the curves characterizing the variation of Tj 
and Tg with the wavelength of the exciting light are identical in the Stokes and 
anti-Stokes region. However, as experiments show, the fact that there are two 
time constants does not mean that the metastable state of trypaflavine is complex 
(multiplet). In our experiments we used 85% formic acid and hence the two values 
of tT are explained by the presence of two components in the solution, namely, 
trypaflavine in water and trypaflavine in formic acid. The observed dependence 
of the persistence of phosphorescence of trypaflavine in formic acid on the wave- 
length of the exciting light in the Stokes region can be explained in terms of 
interaction of these two components. 

The phosphorescence decay of trypaflavine and fluorescein in different sol- 
vents and rivanol in ethyl alcohol with illumination by monochromatic light of 
different wavelengths in the range from 400 to 500 mu, selected by a monochroma- 
tor, and with illumination through UFS-2, SS-5 and SZS-3 (ultraviolet-blue, blue 
and blue-green) light filters is essentially exponential (except for Cry pee law ie 
in formic acid for which the decay law appears to be complex). Some deviation 
from the exponential law in the initial stages of the decay of phosphorescence 


400 450 500 $50 Amu 


Fig.2. Trypaflavine in isomethyl 
Brcohol.,) (c)= 10-4 g/cm) , 1) 
absorption spectrum, 2) lumines- 
fence spectrum, 3) variation of 

tT with the wavelength of the ex- 
eiting light. The absorption q@ 
and luminescence intensity I, are 
given in arbitrary units. 


T,sec 
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can be explained by the luminescence of the solvents. For example, the phosphor- 
escence decay of trypaflavine in double distilled ethyl alcohol is purely expon- 
ential, while the decay in ordinary ethyl alcohol deviates somewhat from the ex- 
ponential law. 

Thus we have shown that the wavelength of the exciting light influences the 
phosphorescence decay law in both the Stokes and anti-Stokes regions. 
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FLUORESCENCE SPECTRA OF "MOTORENES" (ENGINE FUELS) 
- C.Mihul, C.Ruscior, V.Pop, F.R.Shvartz & G.A.Redulescu 


In the present report we give the results of our investigation of the fluor- 
escence spectra of "motorenes" (engine fuels) obtained from Rumanian petroleum. 

The spectra were photographed on panchromatic films by means of an Hilger 
E-3 spectrograph and scanned on a microphotometer of our own design. 1 Except as 
noted, the fluorescence was excited by the integral radiation of a mercury tube. 

We studied the spectra of a number of fuels of different origin. Here we 


shall describe the spectra of four samples we desi i 
gnate as A (special), A 
A3 and C (table and Fig.1*). phere s ds fers 


Characteristics of fuel samples 
ee ee ee ee ee ee 


Specific | Index of | y:; : Initial | V disti 9 
eanpie gravity hie ns oe eee ay ECE Olume distilled, is 
au «c y ? j 
nes cSt Pons at 300° | at 360° 
Aispec 0,902 1,5041 4,9 239 50 97 
Ay 0,897 1, 4998 4,9 240 54 96 
As 0,876 1,4891 4,1 230 50 97 
1; | 0,859 1,4811 Doi 240 56 94 


The fluorescence spectra of the first three samples differ little from each 
other. They extend from about 320 mi to the long wavelength limit of the range 
covered by the spectrograph. Here, however, we shall be concerned only with the 
principal part of their spectra, extending to 500 mu. The strong fluorescence 
of these motorenes is concentrated in the region from 385 to 470 mi and includes 
peaks at 394, 414 and 436 mu. The falling off in intensity to the side of shorter 
wavelengths is interrupted by two "terraces", the first of which lies between 380 
and 353 mu, the second between 340 and 330 mu. Within the first of these there 

‘are two maxima, located at 358 and 372 mi. On the long wavelength side, the in- 
tensity falls off rapidly to 490 mu and then more slowly. As regards integral 
intensity, the weakest is the spectrum of Aj spec} the strongest, that of Ag. 

The spectrum of fuel C differs appreciably from the spectra of the first 
three samples. Here the region of strong fluorescence extends from about 405 to 
485 mu. The peaks do not stand out as clearly against the general background; 
in particular the band at 394 mu is very faint. The peaks are shifted by 2-3 my 
to the long wavelength side relative to their positions in the spectra of the A 
fuels. 

In addition the spectra of the pure motorenes, we investigated the spectra 
of solutions of these fuels in ethyl ether. These, together with the pure sub- 
stance spectra are shown in Fig.2. As will be seen, increasing dilution leads 
to weakening of the luminescence in the region of strong emission of the pure 

-motorenes to the point of complete disappearance; at the same time a new lumines- 
cence appears and develops in the short wavelength region to 290 mu. In the 0.1 
to 0.01% dilution range the spectra are reminiscent of the spectra of dilute solu- 
tions of kerosenes obtained by us earlier.2 

Another effect of dilution is displacement of the fluorescence peaks to the 
side of shorter wavelengths. 

Careful examination of the microphotograms of the solutions showed that the 
noted changes are due primarily to rising of the above mentioned terraces together 


ce ces me ee ee eS es SE ee ee ee ee cy ee ee ee ee me ee 


*The wavelengths given in the microphotograms were determined with reference 
to Hg lines. 
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Fig.l. Fluorescence spectra of 


motorene samples. 


Fig.2. Fluorescence spectra of 
solutions of motorenes in ethyl 
ether. Wavelengths in A. 
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a) un- 


diluted fuels, b) 10%, c) 1%, d) 0.1%, e) 0.01% and f) 0.001% solution. 


Fig.3. Absorption spectra of 
naphthacene, phenanthrene & 
anthracene, after Clar3, 


with a certain shift of these terraces to the side 
of shorter wavelengths. In view of this we felt 
that the observed fuel spectra could be interpret- 
ed from the standpoint of dual influence of the 
fluorescent compounds comprised in them, i.e., 
that the spectra could be regarded as a result of 
superposition and interaction of the principal 
component spectra. In particular, the spectra 
might be influenced by a quenching caused by the 
same chemical substances in the regions of their 
specific absorption bands; this occurs in the 

case of kerosenes, where the shapes of the spec- 
tra of dilute solutions are largely determined by 
the character of the absorption spectrum of naphtha- 
lene. We found that to understand the shape of 
the motorene spectra it is necessary to take into 
account the absorption spectra of at least three 
substances, namely, naphthalene, phenanthrene and 
anthracene. The spectra of these three compounds, 
taken from Clar's book? are reproduced in Fig.3. 
These spectra explain the formation of the terraces 
appearing in the motorene spectra. The highest 
terrace, located between 380 and 353 mu, lies in 
the region of the long wavelength absorption of 


anthracene; the second terrace, between 340 and 330 mu is in the region where the 
long wavelength end of the absorption spectrum of phenanthrene is superposed on 
the absorption spectrum of anthracene; the third terrace, extending from 320 to 
310 mu, which appears only in the solution spectra, is located in the region where 
the absorption bands of anthracene, phenanthrene and naphthalene are superposed. 


Soe 


Thus analysis shows that the experimental fluorescence 
spectra of our motorene samples are due primarily to naphtha- 
lene, phenanthrene and anthracene although, obviously, these 
tuers also contain certain, smaller quantities of other fluo- 
rescing compounds, in particular, homologues of the named com- 
pounds and possibly compounds with one benzene ring. These 
last homologues and compounds are responsible for the back- 
ground fluorescence against which the effect of naphthalene 
absorption is evinced in the 320 to 290 mu region in the spec- 
tra of the dilute solutions. Inasmuch as the presence of a 
large number of fluorescing compounds precludes their unam- 
biguous determination from the fluorescence spectra and identi- 
fication of the principal components must be based primarily 
on observation of their absorption bands, we supplemented our 
study with the investigation of the fluorescence spectra of 
successive 10% (by volume) fractions obtained by distillation 
of fuel C. 

The microphotograms of the fraction spectra are shown 
in Fig.4, wherein they are consecutively numbered from 1 to 
10. It will be seen that the spectra of the first four frac- 
Fig.4. Fluores- tions are similar in shape. They are all bounded on the short 
cence spectra of wavelength side by the long wavelength absorption edge of 
distillation frac- naphthalene, which, overlapping with the luminescence spec- 
tions (successive trum, gradually shifts by about 4 mu. At the same time the 
10% by volume) of principal maximum at 342 mu gradually becomes sharper and 
motorene C. shifts to 349 mu. The peak at 358 mu is replaced by a peak 

at 366 mu. There appear and gradually develop bands at 383- 
385 mu and 405 mu. Thus by the time we reach fraction 5 there is clearly discern- 
ible against the general background a system of fluorescence bands that is readily 
identified as characteristic of phenanthrene. 

Beginning with fraction 5, intensification of the bands at 349 and 366 mu is 
accompanied by a decrease of the intensity in the region to~330 mu, due to the 
absorption of phenanthrene. 

In the spectrum of fraction 6 we can already discern six bands: the above 
mentioned four bands and bands at 435 and 455 mu, located at almost equal distan- 
ces from each other. This system consists of the bands of phenanthrene and of 
the familiar four bands of anthracene%; the last two bands of phenanthrene and 
the first two bands of anthracene overlap in pairs. 

Beginning with fraction 7, we see evidence of quenching by anthracene. The 
first long wavelength terrace on which the first two bands of phenanthrene are 
located forms and gradually sinks. In order to verify the dual origin of this 
band system, we excited the fluorescence of fractions 6 and 8 by the discrete Hg 
3650 A line, which lies in the region of absorption of anthracene but is not ab- 
sorbed by either phenanthrene or naphthalene. In this case the bands at 346 and 
365 mu disappeared from the spectrum and there remained only the principal bands 
of anthracene which peaked at 387, 406 and 432 mu in the spectrum of fraction 6 
and at 391, 411 and 434 my in the spectrum of fraction 8, in both cases with the 
intensity distribution characteristic of anthracene. Thus our inference was sub- 
stantiated: there can be no doubt that naphthalene, phenanthrene and anthracene 
play the predominant role in the formation of the spectra of our motorene samples. 

At the same time it becomes clear that the fluorescence bands standing out 
against the background of the spectra of samples A belong to phenanthrene and 


anthracene. 


a 
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In view of the variations in fluorescence in different parts of the spectra 
of the motorene solutions and assuming that the quenching effect of naphthalene, 
phenanthrene and anthracene are proportional to their absorption coefficients, we 
come to the conclusion that our motorenes contain more naphthalene than phenan- 
threne and more phenanthrene than anthracene. 

Thus, despite the shifts of the fluorescence bands from their "normal" posi- 
tions, we can safely assert that the presence of naphthalene, phenanthrene and 
anthracene in our motorenes has been firmly established. As for the observed 
shifts of the fluorescence bands, we feel that they can be explained by changes 
in concentration and composition of the solvents. The band displacements may 
also be partially due to the influence of the homologues present in the motorenes 
and having spectra similar in shape to those of the nonsubstituted hydrocarbons, 
but shifted somewhat to the long wavelength side. The presence of homologues of 
naphthalene is evinced by the fact that the spectra of the dilute solutions have 
only a rough similarity to the spectrum of naphthalene. It may be possible to 
determine the quantity of naphthalene and its homologues present in the motorenes 
by the procedure used by Mamedov’ for analysis of kerosene. As for the homologues 
of phenanthrene and anthracene, it may be inferred that they are present in sub- 
stantially smaller amounts in our motorenes. In the case of anthracene, the pres- 
ence of its homologues is evinced by the diffuse character of the structure of 
the spectrum of fraction 9 and the virtual disappearance of this structure from 
the spectrum of fraction 10. 

The mechanism of the quenching effect of naphthalene, phenanthrene and anthra- 
cene is apparently the same as regards the emission of all the motorene components 
fluorescing in the short wavelength region. From the correspondence of the absorp- 
tion spectra, it might be inferred that the quenching mechanism is an absorption 
one. On the other hand, the ~10 mu displacement of the short wavelength edges of 
the terraces incident to high dilution of the samples (this shift disappears when 
the radiation is transmitted through a sample layer of 0.05-0.1 my) throws doubt 
on the absorption mechanism and is evidence in favor of resonance transfer of the 
excitation energy. In any case, the effect is strongly dependent on the concen- 
tration of the quenching substances. 
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LUMINESCENCE SPECTRA OF HIGH-MOLECULAR-WEIGHT PETROLEUM HYDROCARBONS 
- Kh. I.Mamedov 


ea aoe eee peo on Luminescence we reported! on the re- 

e luminescence spectra of the kerosene fraction of 
petroleum. While there is little difficulty in investigating the low temperature 
practions of petroleum by conventional spectroscopic methods, when it comes to 
high-molecular-weight fractions ordinary analytic procedures become ineffective 
owing to the large number of complex molecular groupings; hence, development of 
new techniques is imperative. 

In the present work, for the purpose of determining the nature of the sub- 
stances in an oil fraction of petroleum,we had recourse to combined investigation 
of the luminescence and absorption spectra. This approach proved to be fruitful. 

Separation of the oil fraction into narrower components by present day pro- 
cedures is a difficult task. At best, the separated products are mixtures of 
several compounds. Hence we feel that from the standpoint of determining the 
character of luminescing complex molecules the present investigation of the emis- 
sion and absorption spectra of crystalline and homogeneous liquid compounds sepa- 
rated from the oil fraction of Norii petroleum at the Institute of Chemistry of 
the Georgian SSR Academy of Sciences may be of considerable interest. 

The investigated crystalline compounds are characterized by a high melting 
point, high molecular weight and rather bright luminescence in the visible region. 
The physical characteristics of our samples are listed in the accompanying table.* 
More detailed information on the physical and chemical characteristics of these 

compounds and a description of the 
Properties of the investigated crystalline separation procedure may be found in 
substances separated from petroleum Ref.2. 
The indications furnished by 


Melting | Molecu- the experimental results enabled us 
No. Patche to draw certain conclusions regarding 
the chemical nature of the investi- 
White crystal- gated substances. 
line substance 235 299 The luminescence spectra were 
studied on an ISP-51 spectrograph 
2 White crystal- with a PS-382 photoelectric recorder. 
line substance iis) 316 To obtain representative radiant ener- 
gy vs wavelength curves, the set-up 
3 Pale yellow was calibrated with reference to a 
crystalline standard lamp with a known energy dis- 
substance 260 - tribution. The shortest wavelength 
luminescence bands were recorded 
4 Yellow crys- photographically.1 
talline sub- The substances under study lumi- 
U stance 290-292 460 nesce not only in solutions but also 


in the crystalline state. Consequent- 
ly, we investigated the emission spectra in different states of aggregation and at 
different temperatures and, in addition, obtained the absorption spectra of solu- 


Ree ec the temperature is reduced to that of liquid nitrogen, the fluorescence 
bands of the investigated compounds become very sharp. Also, at low temperature, 
all the substances in the crystalline state, in addition to fluorescence, create 
phosphorescence, the spectra of which are strongly shifted to the ee waveleng 
side relative to the fluorescence spectra of the crystals and solutions. 
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Fig.l. Spectra of sample No.1: 1) fluorescence in crystalline state, 2) fluores- 

cence of solution (ether + ethyl alcohol), 3) phosphorescence of solution, 4) ab- 
sorption in crystalline state, 5) fluorescence spectrum of chrysene solution. Q@ - 
absorption coefficient; I - relative luminescence intensity. 


Fig.1 shows the fluorescence spectra of sample No.1 in the crystalline state 
(curve 1) and in an ether-ethyl alcohol solution (curve 2) as well as the phos- 
phorescence spectrum of the solution (curve 3). The characteristic band peaks in 
the fluorescence spectrum of this compound in the crystalline state are located 
at 398, 418.5, 445, 487 and 523 mu, and in solutions at 342.5, 347, 352, 361.5, 
372.5, 382, 394, 404.5 and 429 mi. 

By comparing the observed fluorescence bands with the bands of different aro- 
matic compounds, it was established that all the intense bands of sample No.1 
(361.5, 382.5 and 405 mu) coincide with the characteristic fluorescence bands of 
chrysene (benzo([aj phenanthrene) (362, 381 and 404 mu) in solutions3 (curve 5), but 
shifted slightly to the long wavelength side. Probably this small shift of the 
bands of sample No.1 relative to the bands of chrysene is due to a substituent 
atomic group in the No.1 sample molecules. 

Comparison of the phosphorescence bands of sample No.1 with the phosphores- 
cence spectrum of chrysene obtained by Lewis & Kasha4 leads to the same conclu- 
sion. The spectra agree as regards shape, but some of the weak bands reported 
for chrysene are absent from the phosphorescence spectrum of sample No.l. Ap- 
parently, here also a substituent group attached to the chrysene molecule causes 
the weak bands to merge into a common band without greatly altering the general 
appearance of the chrysene spectrum. 

The above analytic results based on investigation of the fluorescence and 
phosphorescence spectra of sample No.1 in the crystalline state were substantiated 
and supplemented by a study of its absorption spectrum in the ultraviolet region. 
Examination of the absorption spectrum (curve 4, Fig.1) shows that in the 240 to 
360 mu region it comprises three groups of bands: the first, weakly evident, lo- 
cated between 330 and 360 mu, the second in the 280 to 330 mu interval is ao 
clearly pronounced and the third, located in the 240 to 280 mi region, consists 
of stronger characteristic bands. 
tra of; different. complex arenabic,conpeudigecd ct am tana ee aie aa 

com at as regards the position 
of the characteristic absorption bands it has the greatest similarity with the 
absorption spectrum of l-methylchrysene in ether solutions9®;6, 

All the fluorescence and phosphorescence bands of sample No.2 nearly coincide 
with the bands in the respective spectra of sample No.1 and both spectra exhibit 


ase 


i; almost the same intensi- 
ty distribution. More- 
over, the same similari- 
ty is observed as re- 
gards the absorption 
spectra of samples Nos. 
1 & 2. Thus it is prob- 
able that samples Nos. 

1 & 2 are both compounds 
with the structure of 
methylchrysene. 

We employed the 
same techniques of joint 
investigation of the 
luminescence and absorp- 


tion spectra for deter- 
Fig.2. Spectra of sample No.3: 1) fluorescence in the mining the chemical 


crystalline state, 2) fluorescence in solution, 3) nature of the other 

phosphorescence in solution, 4) absorption. samples. 

The fluorescence, 

/ phosphorescence and ab- 

160 sorption spectra of 
sample No.3 are shown 
in Fig.2. Curve 1 is 

120 Thesiluorescence spec— 
trum in the crystalline 
state (peaks at 413, 

80 436.5 and 465.5 my); 
curve 2 is the fluores- 
cence spectrum in solu- 

ol tion (band peaks at 343, 
355, 363.5, 374.5, 384.5, 
395 and 405.5 mu); curve 
3 is the phosphorescence 
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Fig.3. Spectra of sample No.4: 1) fluorescence in the (peaks at 480, 507.5 
erystalline state, 2) fluorescence in solution, 3) and 547 mu); curve 4 
phosphorescence, 4) absorption, 5) absorption spectrum represents the absorp- 
of 2,9-dimethyl-3,4-benzophenanthrene. tion spectrum (peaks at 


254, 261, 272 and 282 my). 

Despite the fact that the band patterns in the fluorescence, phosphorescence 
and absorption spectra of sample No.3 do not agree with the patterns in FINES OEE 
responding spectra of samples Nos.1 & 2, the spectra of No.3 retain a certain simi- 
larity with the spectra of Nos.1 & 2, which indicates that the respective molecules 

ve related structures. 
Through comparison of the absorption spectra it was established that OG ab- 
sorption of No.3 is reminiscent of the absorption of 3,4-benzophenanthrene.~ More- 
over, there is a similarity between the fluorescence spectrum of substance No.3 
in solution and the spectra of condensed compounds of MME RAC! types. 

The yellowish crystals of compound No.4 luminesce bright yellow Wath a green- 
ish tinge. The spectra of substance No.4 are shown in Fig.3: curve ES We fiuo- 
rescence spectrum in the crystalline state (peaks at 478.5, 505 and 529 mu)> curve 
2 is the fluorescence spectrum in solution (peaks at 356.5, 367, 377, 390, 398, 
410, 417 and 421.5 mu); curve 3 is the phosphorescence spectrum (peaks at 482, 504, 
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509 and 546 mu); curve 4 is the absorption spectrum (peaks at 263.5, 279, 250808 
298, 315 and 330 muy). 

It became evident from a comparison of the intense bands in the absorption 
spectrum of sample No.4 with the spectra of different compounds that they are 
similar to the bands of 2,9-dimethyl-3,4-benzophenanthrene? (curve 5 in Fig.3). 

The general similarity as regards shape of the fluorescence spectra of sample 
No.4 and of the preceding three compounds and the appearance of the principal 
sharp characteristic bands in the long wavelength part of the spectrum substanti- 
ate the inference made on the basis of analysis of the absorption spectrum that 
the No.4 substance molecule, in addition to a benzophenanthrene ring, contains 
substituted groups. 

Despite the fact that all the liquid samples were derived from the same oil 
fraction and were separated by the same procedures as the crystalline compounds, 
their luminescence spectra proved to be diffuse both at room temperature and at 
that of liquid nitrogen. This obviously makes for additional difficulties in de- 
termining the nature of these compounds. 

Thus our investigation showed that careful ionic exchange separation of high- 
-molecular-weight hydrocarbons from petroleum followed by careful investigation of 
their absorption, fluorescence and phosphorescence spectra is one of the most 
promising procedures for determining the nature of complex aromatic compounds in 
the oil fraction of petroleum. 

The writer desires to express his sincere gratitude to V.L.Levshin for guid- 
ance in the work. 
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VARIATION OF THE LUMINESCENCE SPECTRUM OF URANINE WITH THE pH OF THE SOLUTION 


- L.T.Kantardzhyan 


The absorption and luminescence spectra and the efficiency, decay, quenching 
ind polarization of luminescence of fluorescein and uranine in darerent media 
lave been investigated in the work of Vavilov, Levshin and other authors.1-5 
‘he effect of pH on the absorption and luminescence spectra of a number of organ- 
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Fig.1. Luminescence spectra of uranine 
solutions (c = 10-5 g/ml) having the 
following pH values: 1) <2.0; 2) 3.1; 
M45 s-4) 5.0; 5) 5.3;°6) 8.0; 7) > 12; 


8) >12; 9) spectrum of uranine solution, 


according to Galanin‘, 10) spectrum of 
uranine solution, according to Orndorf 


*The pH measurements were made by V.S. Adamov, 


occasion to thank. 


£16, 


ic compounds has been the subject of 
several studies®-9, and most such com- 
pounds are reported to exhibit a regu- 
lar, continuous variation of their 
spectra with variation of the solution 
PH. The effect of pH on the absorption 
and luminescence spectra of fluorescein 
was investigated in the work of Refs.6, 
10 & ll. It was found that the varia- 
tion of the spectra changes in pH is 
discontinuous.12 Levshinl3 inferred 
that negative ions formed in alkaline 
fluorescein solutions and positive 

ions in acid solutions. The structural 
formulas of the fluorescein ions are 
known. 13,14 

The present work was aimed at de- 
termining the effect of solution pH on 
the shape of the luminescence spectrum 
of uranine (sodium fluorescein). We 
worked with uranine-activated borax 
beads and alcohol, glycerol and water 
solutions of uranine. 

The pH of the solutions was varied 
by adding acid or alkali to the solvent 
before dissolving the necessary amount 
of uranine. The pH of the resultant 
solution was determined by means of a 
pH-meter with a glass electrode.* 
Measurements showed that the uranine 
solution always had a higher pH than 
the acid or basic solvent. Increasing 
the dye concentration also increased 
the pH; thus, for example, the pH of 
an aqueous uranine solution was 5.3 at 
a concentration of 10-5 g/ml and 6.9 
at 1073 g/ml. The luminescence spectra 
were recorded photoelectrically!5; ex- 
citation was provided by the Hg 365 mu 
line selected by an UG-1 filter. The 
solution concentrations and layer thick- 
nesses were chosen to insure the virtu- 
al absence of reabsorption. 

The first eight curves of Fig.1 


whom the author takes this 
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show the luminescence spectra of aqueous 10-5 g/ml uranine solutions with differ- 
ent pH values. Two peaks appear in each spectrum: Ag = 515 my and ry = 550 mu. 
Spectra 9 and 10 are given in Fig.1 for comparison; they were obtained by Galanin*# 
and Orndorff16, It will be seen that their peaks closely coincide with the short 
wavelength (Ag) peak in spectra 1-8. 

The appearance of the spectrum is altered in going from an acid to an alka- 
line solution and vice versa. The band peaking at 515 my changes appreciably, 
while the weak band at 550 mu changes relatively little. The spectral changes 
amount essentially to a reduction in the intensity of the 515 mu band and some 
widening of the spectrum on transition from an alkaline solution to an acid one. 
There is no noticeable shift in the position of either of the bands. At pH < 2, 
however, a new band with a poorly pronounced peak at 475 mu appears in the spec- 
trum (Fig.1, spectrum 1). 

The values of the peak intensity ratio I,,/I,, for different pH values are 
listed in the accompanying table. It will be evident that the intensity ratio 

increases with the solution pH in the range from 
Characteristics of uranine solu- 3.1 to 8.0; the ratio remains constant at pH 
tions (c = 1079 g/ml) with dif- values less than 3.1 and greater than 8.0. The 


ferent pH values increase in h/t, with increasing pH in the 
; 3.1 to 8.0 range can be explained by the simul- 
: Sol. Yes taneous presence in both of the alkaline and 
Medium ee Pu ia acid solutions of two types of luminescent par- 
az ticles, the relative number of which varies with 
HNO, 5 <2,04) 1,2 the pH. Consequently, the luminescence of the 
Boa etal 5 Se elae 9 uranine solution is made up of the luminescence 
» » 4 Be Med 4 of two different types of particles. It is 
pa , oe 2a +e known that in the case of fluorescein these 
NaHCO3 8.0 2.6 "particles" are negative and positive ions and 
Reon r ee oe the luminescence of the former is stronger than 


that of the latterl!7. one type of luminescent 
particle in uranine (sodium fluorescein) solu- 

*The measurement range of the tions consists of negative ions that are identi- 

pH meter was 2 to 12 inclusive. cal with negative fluorescein ions. While there 

is no real basis for identifying the other type 
of particle as positive fluorescein ions, we 
will hereinafter conditionally refer to them as positive ions. 

If we assume that only negative ions are present in alkaline solutions and 
only positive ions in acid solutions, there is no satisfactory way of explaining 
the appearance of the new band peaking at 475 mu in highly acid solutions. This 
band must be attributed to positive ions, inasmuch as decrease of the pH leads to 
widening of the 515 mu band and the appearance of the new band at pH<2. Obvious- 
ly, neutral fluorescein and uranine molecules can dissociate with varying probabil- 
ity into negative and positive ions at any pH value of the solution. 

The luminescence spectrum of uranine in borax beads differs from the spectra 
of uranine solutions in glycerol, alcohol and water; the last are very similar as 
regards wavelengths of the band peaks (Fig.2, spectra 3-6). In the spectrum of 
the uranine activated beads (Fig.2, spectrum 1) the long wavelength band (\7 = 
= 550 mu) is still present, but the short wavelength band (As = 515 my) apneaaadl 
in solutions, becomes barely noticeable and there appears a new strong bauitl ee 
ing at 472 mi. There is no counterpart of this band in the spectra of solutions 
with pH>2, although, as noted above, a weak band peaking at about 475 mu can be 
discerned in the spectra of solutions with pH <2 (Fig.1, spectrum 1). Obviousl 
in borax beads as well as in solutions with PH <2 positive ions predominate: hone 
it is logical to attribute the band peaking at 472-475 mu to positive ica a vial 
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ig.2. 1) Luminescence spectrum of 
horescence spectrum of uranine in 
jpectrum of uranine in glycerol (c 
32°C, 5) luminescence spectrum of 

water solution 


uranine in borax beads (c = 1079 g/g), 2) phos- 
borax beads (after Lewis), 3) luminescence 

= 10-5 g/ml) at room temperature, 4) same at 
uranine in alcohol (c = 1075 g/ml), 6) same in 
at the same concentration. 


his band increases appreciably in intensity in going from solutions with pH< 2 

© borax beads is not clear; possibly the increase is due to the influence of 
rigidity" of the medium. There can be no doubt, however, that a certain number 
£f negative ions is also present in borax beads inasmuch as the luminescence spec- 
‘rum of the beads comprises the band peaking at 515 mu, which, in view of its in- 
fensity in alkaline solution spectra, can safely be attributed to negative ions 
Fig.l, spectra 6-8 & Fig.2, spectrum 1). The existence of three bands in the 
mission of uranine in borax beads is particularly clearly evinced in the phos- 
yhorescence spectrum (Fig.2, spectrum 2).9 In the phosphorescence spectra cor- 
‘esponding to different decay stages, given by Khalupovskiil, one can also clear- 
y discern three bands, the shortest wavelength one of which decays most rapidly. 
Obviously, each band is associated with a particular electronic level. As- 
suning the simultaneous existence of both positive and negative ions in borax 
yeads, one can probably associate the fluorescence of each type of ion with trans- 
tions departing from two different fluorescence levels and relate the phosphores- 
ence with transitions from the metastable level of each type of particle in ac- 
ordance with Jablonski's!9 model. The fact that the rates of decay of the short 
nd long wavelength phosphorescence bands are different!8 is also evidence in 
avor of the existence of two types of luminescent particles. 

( The author desires to express his deep gratitude to V.L.Levshin, under whose 
upervision most of the work was performed, and to A.T.Vartanyan for valuable dis- 
ussion and helpful suggestions. 
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VIBRATIONAL STRUCTURE OF THE PHOSPHORESCENCE SPECTRA OF AROMATIC ACIDS 
AT LIQUID OXYGEN TEMPERATURE 
- B.A. Pyatnitskii 


The phosphorescence spectra of aromatic compounds at low temperatures con- 
sist of bands of different intensity and exhibit vibrational structure.!,2,3 The 
hosphorescence bands are due to transitions of the molecules from the excited 
letastable state to different vibrational levels of the ground state. As Terenin® 
showed, the metastable state of organic molecules is a triplet state peculiar to 
she benzene nucleus of all aromatic compounds. 

In the present work, which was a continuation of the research described in 
ef. 3, we investigated the phosphorescence spectra of benzoic [CgC5cooH] , phthalic 
.CgH5 (COOH) 9] and salicylic [CgH4COOH (OH) } acids in the crystalline state and in 
vater and alcohol solutions. Some data on the phosphorescence spectra of alcohol 
solutions of benzoic and salicylic acids may be found in the work of Kowalski? 
vho, however, did not consider the vibrational structure of the spectra. 

The phosphorescence was excited by the radiation from a PRK-2 mercury tube. 
fhe spectra were photographed on a three-prism glass ISP-5l spectrograph (1: 2.3) 
Nith a 0.04 mm slit. The samples were held in metallic containers of special 
jesign® cooled with liquid oxygen. The spectrograms were scanned on an MF-2 micro- 
photometer. The microphotograms of the phosphorescence spectra of benzoic, phthal- 
ic and salicylic acids, respectively, in the crystalline state (I) and in 0.05 mol- 
al- water (II) and alcohol (III) solutions are shown in the accompanying figures. 
[he wavelengths of the band peaks were determined by interpolation between Hg lines 
using Hartmann's formula. 

Examination of the microphotograms reveals that the spectra consist of narrow 
bands (the successive peaks are numbered 1,2,3... in the figures). These narrow 
bands are arranged in groups which form wide bands with a complex structure. Here- 
inafter we shall refer to these broad bands as the main bands. 
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ig.1. Microphotograms of the phosphorescence spectra of benzoic acid in the crys- 
alline state (I) and in water (II) and alcohol (III) solutions. é 

| Fig.2. Microphotograms of the phosphorescence spectra of phthalic acid in the 
crystalline state (I) and in water (II) and alcohol (III) solutions. 


Benzoic acid. (Fig.1) The phosphorescence spectrum of benzoic acid in the 
srystalline state consists of si 


x bands, which are not resolved into components, 
d extends from 4058 to 4932 A (violet & blue regions). To the eye the phosphor- 
scence of crystalline benzoic acid appears violet. 
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In water solutions the phosphorescence becomes blue. The spectrum begins at 
4182 A and extends into the green region to 5461 A. The water solution spectrum — 
has five main bands consisting of components yielding 23 individually distinguish- 
able peaks. 

In alcohol solutions the phosphorescence is violet and the spectrum extends 
from 4051 to 4943 A. The spectrum consists of two main bands in which one can 
distinguish 10 separate components. 

Phthalic acid. (Fig.2) Replacement of the second hydrogen in the benzene 
ring by a carboxyl group significantly alters the phosphorescence spectrum in the 
crystalline state. The phosphorescence spectrum of crystalline phthalic acid is 
appreciably shifted to the side of longer wavelengths relative to the spectrum of 
crystalline benzoic acid. The phosphorescence is yellowish green. The spectrum 
extends from 4345 to 6918 A and has four main bands. 

The phosphorescence spectrum of phthalic acid in water solution also begins 
in the blue region and extends into the green but not as far as the spectrum of 
the crystalline solid. Specifically, the phosphorescence spectrum begins at 
4218 A and stretches to 5294 A. To the eye the phosphorescence is azure. The 
spectrum has three main bands comprising 17 components. 

The phosphorescence spectrum of the alcohol solution of phthalic acid dif- 
fers from the spectra of the crystalline acid and the water solution in that the 
beginning of the spectrum is shifted to the side of shorter wavelengths. The 
phosphorescence appears blue-azure. In the wavelength scale the spectrum extends 
from 4073 A to 5983 A; it consists of four main bands comprising 16 components. 

Salicylic acid. (Fig.3) The phosphores- 
cence of salicylic acid in the crystalline 
state is azure-green. The phosphorescence 
spectrum, like that of phthalic acid, begins 
in the blue region and extends into the red; 
the beginning of the spectrum is shifted to 
an even greater extent (than that of phthalic 
acid) to the side of longer wavelengths rela- 
tive to the beginning of the spectrum of 
benzoic acid. Specifically, the spectrum 
stretches from 4420 to 6548 A and consists 
of three main bands comprising 15 components. 

The phosphorescence spectra of the water 
and alcohol solutions of slicylic acid are 
Similar and are shifted to the side of short- 
er wavelengths relative to the spectrum in 
Fig.3. Microphotograms of the phos- the crystalline state. The water solution 


Blackening 


phorescence spectra of salicylic spectrum extends from 4078 to 5437 A and con- 
acid in the crystalline state (I) sists of three main bands comprising 19 com- 
and in water (II) and alcohol (III) ponents. The phosphorescence appears blue. 
solutions. The phosphorescence spectrum of the alcohol 


solution extends from 4097 to 5659 A and con- 
sists of three main bands with 10 individual components. 

Analysis of the microphotograms leads to the following general observations 
concerning the investigated aromatic acid spectra. The main broad bands are par- 
ticularly clearly pronounced in the phosphorescence spectra of the crystalline 
acids. In water and alcohol solutions the main bands are less sharp and comprise 
many narrow components. The greatest number of narrow components is evinced in 
water solutions. In all the spectra there is less splitting of the main bands 
into the components in the short wavelength part of the spectrum as compared with 
the long wavelength portion. The short wavelength bands in all the spectra are 


Sa loLe 


4 


broad and strong, 


while the long wavelength bands are weaker: na 
ing of the long wa r; the relative weaken 


velength bands is more appreciable in solutions. The character 
and number of bands in the phosphorescence spectra of the aromatic acids at liquid 
oxygen temperature depends on the molecular and crystal structure and also on the 
solvent. 


I desire to express my gratitude to T. Ya.Sere and §.0.Golub for loan of the 
microphotometer and to N.A.Orlovskaya for assistance in the work. 
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B. 
DISCUSSION 


P.A.Teplyakov: I investigated the phosphorescence spectra of n-aminobenzoic, 
anthranilic and sulfobenzoic acids in ethyl aochol, acetone and diethyl ether at 
liquid oxygen temperature. In addition, we studied the phosphorescence spectra 
of para- and ortho-brombenzoic acids in alcohol and ether. In all cases it proved 
feasible to establish a clearly pronounced vibrational structure and to construct 
for each solution a scheme characterizing the formation of the phosphorescence 
spectrun. 

The spectra of the investigated aromatic acid solutions can be described by 
means of a small set of vibrations, namely, 1600, 1187, 992, 685 (or 720) and 
324 (or 315) em-1, Thus the frequencies of the band peaks in the spectra satis- 
fy the formula 


V = Vo - n° 992 em! - ng*1600 cml - n3°1187 em. 


The phosphorescence spectra of solutions of pairs of isomers (aminobenzoic 
and bromobenzoic acids) have common traits as regards the set of vibrational fre- 
quencies and the formation schemes and also in that the band peaks series corre- 
spond to the same wavelengths. 

Changing the solvent has little effect on the positions of the band peaks. 
The character of the spectrum, namely, the intensity distribution and the number 
of bands, does depend on the solvent. Often one particular peak will be clearly 
evident in one solvent and other discrete peaks will appear clearly in another 
solvent. he. 

From the standpoint of supplementing the experimental data, it 18 undoubted- 
ly of interest to investigate the spectra of each aromatic acid in different sol- 


vents. 
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PHOSPHORESCENCE DECAY IN MAGNESIA CEMENT AND OXIDE PHOSPHORS 
- V.K.Dvorovenko 


Magnesia cement phosphors constitute one of the least studied groups in the 
class of luminophors activated with organic substances. Sveshnikov & Petrov! in- 
vestigated the luminescence decay of phenanthrene in cement and obtained a straight 
line with barely noticeable curvature in semilogarithmic co-ordinates. Yastrebov2 
obtained a smooth curve for the decay of carbazole in cement and explained this 
shape of the decay curve by superposition on the exponential afterglow of an ad- 
ditional emission due to recombination of ionized centers forming in the phosphor 
in the process of excitation. Trawniéek? in his work noted that the intensity 
and persistence of phosphorescence of cement phosphors depends on the previous 
heat treatment of the material. 

It may be assumed that changes in the structure of the base material and the 
molecular bonds of the activator resulting from different heat treatments of the 
phosphor may have a substantial influence on the kinetics of emission of the light 
sum stored in the phosphor. 

In order to elucidate the nature of this effect, we investigated the phos- 
phorescence decay of magnesium oxychloride cement and oxide phosphors” activated 
by organic compounds. The three main lines of investigation were the following. 

1. We measured the decay of phosphorescence of cement phosphors activated by 
terephthalic acid with variation of the preparation procedures and the conditions 
of excitation. 

2. We studied the phosphorescence decay in magnesia cement with 12 other 
activators (eight aromatic acids, two phenols, carbazoles and phenanthrenes). 

3. Attempts to simplify the composition of the base material showed that it 
is feasible to obtain phosphors by incorporation of the investigated activators 
into oxides of magnesium, calcium, strontium and barium; accordingly, we prepared 
such phosphors and investigated their phosphorescence decay. 

The luminescence intensity was measured by the photoelectric technique.» The 
cement phosphors were prepared by the Trawniéek procedure?; the oxide luminophors 
were prepared by the procedure described in Ref.4. 

The phosphorescence decay of the terephthalic acid activated cement phosphors 
was investigated at 90°, 72°, 51°, 26°, 18° and -180°C with three different inten- 
sities of the exciting light. The activator concentration was varied from 5:1079 
to 2.5°107-3 g/g. 

In all cases we found that the decay of phosphorescence cannot be described 
by a simple exponential law; the initial phosphorescence stages decay at a higher 
rate than the later stages. As compared with the initial decay constant, the con- 
stant associated with later stages is more stable as regards variations in tem- 
perature, activator concentration and intensity of the exciting light.° 

Curves 1 through 4 in Fig.1 characterize the decay of terephthalic acid in 
magnesia cement (room temperature, concentration 2-1074 g/g) heated to 60°, g0° 
110° and 130°, respectively, in the process of preparation. Curves 5 thane 16 
characterize samples that were subjected to further heating at 130°C for periods 
ranging from 10 min to 14 hours. Weighing showed that in the OA interval where- 
in rapid growth of the initial luminescence intensity occurred, the phosphor loses 
about 90% of the water used in its preparation. In the AD interval the amount of 
water in the sample decreases insignificantly; the initial phosphorescence intensi- 
ty at first increases slowly, attains a maximum value after 3-3.5 hours heating 
and then begins to decrease. The rate of decay at the initial stages of phosphor- 


escence changes very little but does show evidence of a simi iati 
Similar variation i 
to a maximum value followed by a decrease). ial 
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Fig.1. Decay of terephthalic acid in Mg0Cl with changes in heat treatment (the 
curves have been arbitrarily shifted horizontally for Clarity). The first four 
curves characterize samples heated to 1) 60°} 2) 80°, 3) 110° and 4) 130° in the 
process of preparation. The other samples were heated to 130° and held at this 
temperature for 5) 10 min, 6) 20 min, 7) 40 min, 8) 60 min, 9) 80 min, 10) 100 
min, 11) 2 hrs., 12) 2.5 hrs.,-13) 3 hrs., 14) 6 hrs., 15) 8 hrs., and 16) 14 hrs. 
Fig.2. Phosphorescence decay of para- and ortho-aminobenzcic acids in 
1 & 3) MgOCl1, 2 & 3) MgO, 5 & 6) CaO, 7 & 8) Bad. 


Increase of the luminescence persistence and light sum and the resultant 
gradual deformation of the decay curve (change from a straight line to a curve 
in semilogarithmic co-ordinates) occur primarily due to gradual decrease of the 
rate of decay at the later stages of phosphorescence. 

The rate of cooling of the phosphor does not appear to affect its phosphor- 
escence properties. 
yo Variation of the heat treatment does not have a noticeable influence on the 
shape of the spectrum and position of the phosphorescence peak. On the basis of 
determinations of the phosphorescence intensity relative to the integral emission 
intensity made in different spectral regions, we evaluate the relative phosphor- 
escence yield to be 7.5-10%. 

Fig.2 shows the decay curves obtained for para- and ortho-aminobenzoic acids 
in magnesia cement and magnesium, calcium and barium oxides. In all cases the 
“measurements were made at room temperature; the activator concentration was 2alOue 
g/g and the phosphor was heated for three hours at 130°. The corresponding curve 
for tetephthalic acid in magnesia cement is curve No. 13, in’ Fig.l: 

In all of the 13 investigated organic compounds the phosphorescence intensity 
and light sum decrease consistently in the series MgOCl, MgO, CaO and BaO. The 
rate of decay also decreases. The values of T for the initial luminescence stages 
,of para- and ortho-aminobenzoic acids and terephthalic acids in the different host 
materials are listed in the accompanying table. 

The chemical individuality of the organic molecules is evinced by the persist- 
ence of the characteristic shape of the decay curve in all base materials; more- 
over, the degree of change in intensity and persistence of phosphorescence in going 
from one host to another is determined primarily by the composition and structure 
of the activator molecules. Thus, for example, in going from MgO to CaO the ini- 
tial luminescence intensity of para-aminobenzoic acid decreases by a factor of 75, 
‘that of orthoaminobenzoic acid by a factor of 33 and that of terephthalic acid 


by only 2. 
| We were not able to obtain organo- 
material. Upon introduction of organic mole 


activated luminophors with BeO as the base 
cules into the oxides of the other, 
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t(sec) for the initial stage of phosphorescence 


Activator 


Para-aminobenzoic acid 
Ortho-aminobenzoic acid 
Terephthalic acid 


following elements of the alkaline earth group the intensity and persistence of 
luminescence successively decreased.* 

The lattice constants and molecular volumes of the oxides and hydroxides of 
these metals increase in the same sequence, as do the heat of hydration and the 
strength of the water of crystallization bonds. Our measurements of the absorp- 
tion capacities of the oxides MgO, CaO, SrO and BaO as regards water solutions of 
the activators yield the ratios 1:0.67:0.40:0.27. Use of alcohol rather than 
water solutions of the activators reduces the phosphorescence intensity 5-6 fold 
and slightly decreases T. 

It may be hypothesized that aggregation of the activator molecules occurs on 
the surface of the host microcrystals, thereby giving rise to concentration quench- 
ing. It is possible that water acts as a desegregating agent, the influence of 
which weakens in the series MgO to BaO. On the other hand, it must be noted that 
Byler? succeeded in preparing activatorless phosphors of the hydroxides, phosphates 
and sulfates of the alkaline earth metals. Byler explains the luminescence of 
these phosphors as being due to lattice defects resulting from dehydration. 

Ewles & Martin® suggest that water, captured by the crystal lattice, may 
serve as an activator in the phosphorescence of alkali chlorides and certain 
other substances. 

In view of the shape of the curves shown in Figs.l & 2 and the different in- 
fluence of such factors as the temperature, concentration and excitation condi- 
tions on the initial and subsequent stages of phosphorescence, it may oe assumed 
that in addition to the luminescence associated with activator groups, in the 
process of heating the phosphor (i.e., due to dehydration) there gradually devel- 
ops a new additional emission of the recombination type with a lower initial in- 
tensity and a lower decay rate. Both components of the composite phosphorescence 
weaken as we go down the series from MgO to BaO owing to decrease in the effective 
concentration of the activator molecules and increase in the strength of their 
bonds with the host material. 

I desire to thank B.A.Pyatnitskii for his guidance in the work and V.L.Lev- 
shin and A.N.Terenin for their interest and valuable advice. 
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PHOSPHORESCENCE SPECTRA OF SOME PHENOLS AT LIQUID OXYGEN TEMPERATURE 
- A.A. Zudin 


Investigation of the luminescence spectra of molecules can yield valuable 
information of their energy and structural characteristics. 1-10 


work we investigated the phosphorescence spectra of alcohol solut 
catechol, 


In the present 


ions of pyro- 
resorcinol and hydroquinone frozen at liquid oxygen temperature. The 


choice of these substances was dictated by the fact that, being isomers, they re- 

present a series with regularly varying structure. In his work Pyatnitskii’ studi- 

ed the laws of decay of phosphorescence and the lifetime of the metastable state. 

He did not, however, investigate the spectra of phenols. 

I, arb. units We recorded the phosphorescence spectra by 
means of a set-up consisting of a single shutter 
phosphoroscope, an MS-III glass monochromator and 
an FEU-19 photomultiplier. A PRK-2 mercury tube 
was used for exciting the phosphorescence. The 
solution cell was a ring shaped metal container, 
which was immersed in liquid oxygen. The phosphor- 
escence spectra of the investigated frozen solutions 
of hydraquinone (I), resorcinol (II) and pyrocate- 


QI chol (III) are shown in the accompanying figure. 
: I It follows from the curves that isomerism does 
400 500 500 influence the character of phosphorescence spectra. 
Amp In cases when the substituent hydroxyl groups are 
Phosphorescence spectra of in the ortho or meta positions the spectra have a 


frozen alcohol solutions of clearly pronounced structure, while when the substi- 
hydraquinone (I), resorcinol tuent groups are in the para-position the spectrum 
(II) and pyrocatechol (III). consists only of one band with a peak at 427 mu. 

I desire to thank B.A. Pyatnitskii for his guid- 
ance in the work. 
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LUMINESCENCE SPECTRA OF TWO DICARBOXYLIC ACIDS AT DIFFERENT TEMPERATURES 
- E,F.Ryazanova 


The present study was concerned with the luminescence and transmission spec- 
tra of two dicarboxylic acids, namely, glutaric [HOOC (CHg) 3COOH | and hexadecane 
dicarboxylic acid [HOOC (CH) 1 gCOOH] , at different temperatures. 

The luminescence spectra were recorded on an ISP-51l spectrograph with a slit 
width of 0.02 mm and a camera with a focal length of 120 mm. A PRK-2 mercury tube 
was used for excitation, without a filter for the phosphorescence and with a fil- 
ter transmitting the 366 mu wavelength for the fluorescence. We employed the 
Pyatnitskii photographic technique. 1 The transmission spectra were obtained on 
an UM-2 monochromator. The spectrograms were scanned on an MF-2 microdensitometer. 
For control purposes the spectra were photographed three times on different films. 

As will be evident from the reproduced microphotograms, the luminescence spec- 
tral-3 of the investigated compounds have a number of distinct peaks. To determine 
the wavelengths of these peaks, we photographed the spectrum of mercury on the same 
films and calculated the wavelengths by Hartmann's interpolation formula. 

The spectra were photographed at +209, -95° 
and -1839C. At these temperatures the emission 
is due to electronic transitions from the zero 
level of the excited state of the molecule to 
different vibrational levels of the ground state. 

The long wavelength phosphorescence spectra 
(Fig.1) of the investigated acids lie entirely 
in the visible region; the maximum of the spec- 
trum as a whole at -183° is located at 5458 A 
in the case of hexadecane dicarboxylic acid and 
at about 4398 A in the case of glutaric acid. 

The wavelengths of the first peaks in the re- 
spective spectra are 4138 and 4079 A, i.e., well 
above the short wavelength boundary of the visi- 
ble spectrum. Hence it may be assumed that the 
frequencies of the first peaks in the long wave- 
length phosphorescence band correspond to O0—0O 
transitions. 

The fluorescence spectrum of HOOC(CH92)16 
COOH falls in the range from 3954 to 6422 A; 
that of HOOC(CHg) 3COOH in the range from 3926 
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Fig.1. Microphotograms of the to 6576 A (Figs.2 & 3). The differences Ay be- 
phosphorescence spectra: I - tween the frequency of the 0—O transition and 
hexadecane dicarboxylic acid the frequencies of all the other electronic- 

at -183°; II & II* - glutaric vibrational transitions gives us the possible 
acid at -183 and -95°, molecular vibration frequencies. We also ana- 


lyzed the fluorescence and transmission spectra 
for the frequency differences Ay between the peaks of each band and all the fol- 
lowing peaks4 1, Comparing the vibrational frequencies evinced in the fluores- 
cence and transmission spectra with the frequencies in the Raman spectra of the 
compounds9~7 , we were able to identify a number of vibrational frequencies charac- 
teristic of the investigated compound. These are listed in Table 1. The vibra- 


tional frequencies appearing in the Raman spectrum of the investigated acids are 
given in Table 2. 


= =S7 = 


Table 1 ty 

f : able 2 

Vibrational frequencies y, emt Vibrational frequencies 
a : 
Phosphorescence Fluorescence Transmission in the HOOC=COOH Raman 
spectrum?»?, cml 
—183° —93° —183° +20° —183° +20° A Le ie Dn Shan Bae 
ee Crystalline 


State Solutions 
Glutaric acid 


94 92 80 86 93 248 
127 123 125 135 120 124 473 480 
280 287 281 277 260 291 854 673 
465 460 467 478 430 440 845 
660 680 — — 660 659 1640 1430 
1072 1068 — 1087 1065 1756 1656 
1754 1772 1770 4775 1742 1775 1744 
3473 3475 3466 3400 — = 


It may be inferred 
from a comparison of the 
data of Tables 1 & 2 that 


Hexadecane dicarboxylic acid 


82 86 92 88 : 
156 447 194 444 489, some of the listed fre- 
re 7 rien ae quencies (480, 677 and 

6 -l 

624 662 662 680 699 1744 cm ) are character- 
842 853 854 876 830 istic of dicarboxylic 
1068 1080 1037 1057 1063 acids. 
41753 1768 1735 4759 1764 
2696 2689 2697 2681 2696 The phosphorescence 
3377 3376 3377 — 3372 spectra can be interpreted 


with the aid of a rela- 
tively small set of vibra- 
tional frequencies. For 
glutaric acid these are 

yI = 280, vil = 465 and 
yIII = 660 cm-!; for hexa- 
decane dicarboxylic acid 
these are vI = 259, yll = 
= 492, vill = 842 and 

yIV = 2696 cm-l. The fre- 
quency series in the phos- 
phorescence spectra of the 
investigated acids are 
listed in Table 3. 

Thus the frequencies 
evinced with the highest 
intensity in all the spec- 
tra are 280, 465, 660 and 

aA 842 cml, It may be as- 
Fig.2. Microphotograms of the fluorescence spectra sumed that these are not 
of glutaric acid at I) +209, ITI) ~20° and III) -183°. the vibration frequencies 
of individual molecular 
bonds but are rather the frequencies of the torsional (rotational) vibrations of 
one HOOC group relative to the other HOOC group. Since the moLecure: of the in- 
vestigated acids have the trans form?, the presence of such torsional vibrations 
is highly probable? 8. There are also evinced in the abeckra? vibrational fre- 
quencies pertaining to individual bonds. Thus the 1753 em™* frequency belongs 


taothe Ca=0 group?s6s®. the 3377 or 3473 cm-l line is due to vibrations of the 


O—H bonds in the COOH groups. 
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Table 3 


Frequencies in the phosphorescence spectra 


Series formulas 


Peak 
Nos. 
be eee 
Glutarve acid 

il 24 513 24 513 v= Yo— Ov 
2 24 225 24 233 ve—= Vo— ty 
3 23 580 23 583 va= Yo— av 
6 23 063 23 118 v= Yo a = 
7 22 759 22 838 v7= Vvo— Bere = 5 , 
8 22 554 22 558 ve=\Vo— OV ee i 

10 22301 22 278 v=o 3yll — 3y 
i 23 220 23493 ve= Yo gy 
9 22 446 22 533 vo= Vo— 3yill 

14 24 212 21243 v= soe 5ylll 

42 20 946 20 933 =e Byllt =! 

Hexadecane dicarboxylic acid 

4 24 163 24 163 v= vo— oy!! 
2 23 669 23 674 ya ieee 
3 23 192 23 179 ee eye 
4 22 878 22 920 = ve ve 
4 24 163 24 163 y= vo— Onl 
6 21 406 21 467 Dg ee 
7 21 149 21 208 v= Yo— rea Moe Pee 

410 18 325 18 279 ¥40= Yo— lV — 4yH 

14 17 469 17 434 Va ee —4ylt — 4H 
i) 22 248 22 220 ae co Dy 24,5 py hY 
8 19 492 19 524 one pe: Say tame bd 
9 19 020 19 006 von qe gle av 


Changes in temperature 
have no noticeable influence 
on the vibrational frequencies 
but do affect the position of 
the maximum of the integral 
luminescence spectrum and the 
intensity of the long wave- 
length part of the spectrum. 

I desire to express my 
gratitude to B.A. Pyatnitskii 
for suggesting the subject and 
valuable advice. 
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PHOSPHORESCENCE SPECTRA OF SOME AROMATIC HYDROCARBONS AT DIFFERENT TEMPERATURES 
- M.S. Fadeeva 


As the researches of Dikun & Sveshnikov! have shown, the low temperature phos- 
phorescence spectra of solutions of benzene and its derivatives exhibit a vibration- 
al structure; in this structure one can distinguish a number of series of bands as- 
sociated with electronic-vibrational transitions from the metastable state to dif- 
ferent vibrational levels of the ground state. Pyatnitskii2 investigated the fluo- 
rescence spectra of a number of aromatic acids at low temperature. 

We recorded and interpreted the phosphorescence spectra of two amines, namely, 
m-toluidine (aminotoluene) in alcohol (-183°C) and m-phenylenediamine in the crys- 
talline state at different temperatures. The phosphorescence spectra were recorded 
on an ISP-51 spectrograph and scanned by means of an MF-2 microdensitometer. Each 
spectrum was photographed several times on different photographic films. 

The spectrum of n-toluidine in alcohol at -183° extends from 3884 A to 3502 A, 
i.e., lies primarily in the blue region of the spectrum. With increase of tempera- 
ture the luminescence becomes yellowish and very faint. 

We obtained the phosphorescence spectra of m-phenylenediamine at -183°, -95° 
and -57°. The initial level from which we reckoned the frequency differences does 
not noticeably shift with increasing temperature and its relative intensity remains 


Table l 


Phosphorescence spectrum of n-toluidine at -183° 


l i: 
Vv 
Peak ° EET Seed a eS Series formulas 
A, A exper. Calce 
al eae 


Nos. ? 
25 510 25 5114 Vv = Vo— Vi— Nava 

: aS 24 510 24511 mg=0, 1, 2 
9 4254 23 506 2a 5d 

14 4461 22 418 22 434 sea a SE 
3 3950 25 314 25 314 Vv = vo— Vvo— Mavs 
8 4141 24 149 24 154 ng=0, 1, 2 

44 4352 22 977 22 994 
if 4116 24 290 24 314 Y= Vo— Ya— V4 

43 4424 22 644 22 624 eae oy sy, 
4 4025 24 843 24 844 ee ES Sav, 
8 4141 24 149 24 154 n=O, 1, 2, 3 
9 4254 23 506 23 464 

a2 4389 22 782 — BRITE . 
2 3920 25 510 25 544 eather 
6 4103 24 373 24 354 ng=0, 1, 2 


vy = Yo—V1— 2Vs— Va 


a 
ao 
a 
on 
=) 
_ 
bo 
bo 
bo 
a 
oo 
bo 
tS 
el 
oO 
a 


virtually constant; hence we took it 


The microphotograms of the phosp. 
1 & 2; the pertinent data are listed in T 
In view of the clearly evinced vibra 
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as the zero term? in our calculations. 
orescence spectra are reproduced in Figs. 


ables 1 & 2. 
tional structure of these spectra, one 


Table 2 


Phosphorescence spectra of m-phenylenediamine 


Peak 
Nos. ? 


= 
De 


0) 
exper. 


? 


ae 


calc. | 


Series formulas 


EEE EEE ee 


t = — 183°C 
| 4392 22 768 22 768 Y = Vo— N3V3 
2 4630 24 599 21 608 Tg OF 102 
7 4892 20 443 20 448 
3 4693 24 306 24 320 Vv = vo— 2v1— Nove 
6 4824 20 727 20 663 a0) Ses 
0) 4994 20 020 20 006 
44 9017 19 933 109) BE Vv = Vo— 3v1— va 
2 4629 24 599 21 608 Vv = Vo— Vs— N2Va 
5) 4770 20 964 20 954 na 0,1, 2; 
9 4942 20 234 20 294 
12 5096 19 624 19 637 
13 0219 19 157 19 134 Vv = vo— 2vs— 2¥a 
15 0364 18 642 18 631 Vv = Vo— 3v3— V1 
4 4710 21 232 21 232 Vv = Vo— M5V5 
42 5096 19 694 19 618 ns=1, 
14 9300 18 868 18 894 Vv = Vo— 2v5— Ve 
t=— 95°C 
4 4392 22 768 22 768 Vv = Vo— M5V5 
& 4718 21 1193 Z| 5S Teg —\ Olea, 
7 9096 19 621 19 618 
i) 4735 21411 21 116 Vv = Vo— Vi— V2 
{4 9415 18 467 18 454 Vv = vo— 2v;— 2v2 
2 4661 24 454 21 454 V = Vo— 2vo— Ms 
6 4937 20 255 20 294 Ng— O01, 2 
9 0226 19 133 19 134 
3 4677 24 384 21 382 Vv = Vo— Vi— Va 
8 5169 19 346 19 392 Vv = Vo— Vi—7t2Va— Va 
10 5343 18 715 18 735 no= 1, 
t=—9d7°C 
1 4392 22768 22 768 Vv = Vo— M55 
3 4710 21 232 24 293 iO 
4 4843 20 647 20 613 Vv = Vo— Vs— M44: 
i fae 19 576 19 618 Ngee te? 
20 443 20 448 Vv = Vo—2v3— 
8 5108 19 484 19 453 ete leis 
10 5400 18 518 18 458 ar 
20 194 20 160 = Vo— Va— 
9 5156 19 392 19 436 ER St 
2 4669 21 417 24 387 v = Vo— Vi— Ve 
Table 3 
Frequency values satisfying formula (1) 

RR TREAT TIED RRS ATARI TE RR a ge 
Substance vy, CM—2 | ve, em—? V4, CM—2 Vg, CM—t 
a a a 

m—toluidinc | 493 690 ; 
m—phenylencdi amine | 724 657 ose 1575 
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Fig. 1 


Fig.2 


Fig.1. Phosphorescence spectrum of n-toluidine in alcohol at -183°. 
Fig.2. Phosphorescence spectra of m-phenylenediamine at I) -57°, II) -95° and III) 
-183°, 


can readily identify a number of vibrational frequencies characteristic of the 
molecules of the investigated amines in solution and in the crystalline state. 
Calculations carried out with reference to the shortest wavelength peak in the 
phosphorescence spectra yields a consistent scheme for the arrangement of the 
vibrational levels of the unexcited state. All the electronic transitions from 
the metastable state to the levels of the ground state can be characterized in 
terms of the identified vibrational frequencies. 

In Table 3 we list the vibrational frequency values by means of which the 
transitions (bands) enumerated in Tables 1 & 2 can be described using the formula 


,=> Vo Ss NyVy — Nevo ——- N3V3 Ss Nava = NsV5- (1) 


It will be evident from Table 3 that some of the identified vibrational fre- 
quencies are characteristic ones. Thus the frequencies 1160 em! and 995 cm-l 
are characteristic of the C—C bonds; the frequencies Vg are associated with de- 
formation vibrations of the C-C-C bonds. 

In the case of m-phenylenediamine increase of the temperature has the follow- 
ing effect on the phosphorescence spectrum. At -183° the spectrum consists of only 
one broad band; with the increase of the temperature it begins to split into two 
bands, the longer wavelength one of which increases in intensity with rising tem- 
perature. At -57° the peaks of the two bands in the spectrum of m-phenylenediamine 
have a separation of approximately 992 cm-l. 

I take this opportunity to thank B.A.Pyatnitskii for valuable advice in carry- 
ing out the work. 
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LUMINESCENCE SPECTRA OF SOME DICARBOXYLIC ACIDS 
- T.S. Pavlina 


The present investigation was concerned with the luminescence spectra of al- 
cohol solutions containing different concentrations of glutaric [HOOC (CHg) 3coo0H] 
and hexadecane dicarboxylic [Hooc (CH2) 1 6COOH] acids at liquid oxygen temperature. 

The luminescence was excited by a PRK-2 mercury tube with a filter transmit- 
ting 366 mu light. The spectra were photographed on an ISP-51 spectrograph with 
a slit width of 0.04 mm and then scanned on a MF-2 microdensitometer. Each spec- 
trum was photographed several times on films having different speeds (Isopanchrome, 
ratings - 180, 250 and 350 GOST units). The scatter of the wavelength values did 
not exceed 5 A (30 cm7! at 4000 A). The wavelengths were determined by interpola- 
tion between mercury lines using Hartmann's formula. 

The microphotograms of the luminescence 
spectra of alcohol solutions of glutaric acid 
at different concentrations are shown in Fig.1. 
The spectra lie in the region from 3920 to 5270 
A. With increase of the acid concentration from 
5-10-74 mole/liter to 5-10-1 mole/liter the maxi- 
mum of the overall spectrum is shifted 953 cm71 
2g4gT to the side of 
lower frequencies. 

The microphoto- 
grams of the lumi- 
nescence spectra 
of alcohol solu- 
tions of hexa- 
decane dicar- 
boxylic acid are 
shown in Fig.2. 

At a concentra- 
tion of 5-10-74 
mole/liter the 
spectrum lies in 
the region between 
3932 and 4768 A. 
With increase of 
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——— Ry j 
ae ) = Fig.& the acid concen- 
Fig.1. Luminescence spectra of alcohol solutions of glutaric tration to 5-1072 
acid at different concentrations: I) 5°107-4, If) 5-10-73, IIT) mole/liter the 
5-1072, Iv) 5.1071 mole/liter. maximum of the 
Fig.2. Luminescence spectra of alcohol solutions of hexadecane integral spectrum 
dicarboxylic acid at different concentrations: I) 5:10-4, ITI) is shifted 729 
5°10-3, III) 5-10-2 mole/liter. cm-l to the side 


of lower frequen- 
cies. The shift of the maximum may be explained by the fact that with increasing 
concentration a larger contribution to the luminescence is made by associated com- 
plexes (polymers), so that the spectrum as a whole is displaced to the side of 
longer wavelengths.1-4 

It will be evident from the microphotograms that the luminescence spectra of 
glutaric and hexadecane dicarboxylic acids in alcohol solutions have a pronounced 
vibrational structure.9-7 The positions of the band peaks at a concentrati f 
5.10-4 mole/liter are listed in Table 1. oe 
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Tabl 
Peaks in the luminescence spectra of 5-10-4 mole/liter al = 


: cohol solutions of 
glutaric and hexadecane dicarboxylic acids 


Series formulas 


: as 25 488 
084,3 24 415 24 427 Sere 0 Wait 
3 44395 24 157 Vii Bes 
: 41823 23 910 23 923 te 
7 42979 23 655 23 671 noes 
9 4311 ,8 23 192 23 194 ELA) ery hl hare tee Ti = 
10 44014 22720 Did) Wo) hs ok es ; 
4 4164,6 24 011 24 015 poy! Seen yet a 
F 42514 23 523 35 sae Mae as Bg ae { 
6 4208 ,8 23 759 DoT SOM aN =e 
Hexadecane dicarbonyl acid 
: 3932 ,2 25 434 
4095,8 24 415 24392 |y=vo—vill— any = 
3 4143 6 24 139 24 110 Liatinbietest fee 
5 4208 ,8 23 759 23 828 ey) 
7 4260 ,9 23 469 23 546 Nie 
8 4275,8 23 387 233538) |v = vyy— Qvil 
4 4173,2 23 962 23962 |yv=vw—viV 
42 4537,0 22 040 220840 Iv vy 2v) — nw ng= 1 
14 4633,4 21 582 24.575 noe 
416 47327 24 129 24 116 8 
6 4248 ,0 23 707 22.705 Mail viewig— Vee navn n= 0 
9 4304 ,3 23 248 23 246 nosed 
10 4401 ,4 22720 22.666 |v =yo-v¥—vill— nll | m= 0 
44 4502,5 22 209 22 207 no= 1 
13 4603,0 24 724 24 748 nies 
45 4681 ,7 24 359 24 289 ieee 


Inasmuch as the bands in the luminescence spectrum are assumed to be due to 
molecular transitionsfrom an excited electronic level to different levels of the 
ground state, the frequency differences between the band peaks in the luminescence 
spectrum should be equal to the vibration frequencies or combinations thereof. 
Agreement of the experimental and calculated values within 50-60 cm! is generally 
considered to be satisfactory. 

Analyzing the frequency differences in each spectrum between the peaks of 
each band and the succeeding peaks, we find that there are evinced in the lumines- 
cence spectra of the investigated solutions the vibrational frequencies listed 
in Table 2. 

As will be evident from Table 2, the vibrational frequencies do not change 
with changes in concentration (the deviations are well within the error of measure- 
ment) . 

Making use of the vibrational frequencies vi, vil, yWI, yIV and vY, one can cal- 
culate the frequencies of the peaks by means of the formula 
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Table 2 
Vibrational frequencies identified in the luminescence spectra 


és Vibrational frequencies V, cm 
? 
mole/liter aT | NG: viii yIV | NE 


Glutaric acid 


Souls. 202 477 1064 1473 1738 
5-40-38 274 478 1062 1450 1747 
oe Ome 289 466 1043 1437 1736 
5-40-4 275 473 1078 1438 1700 


Hexadecane dicarboxylic acid 


be Omeaeen OA 459 1039 1469 1726 
nie Ome 284 473 1062 1469 1724 
Hote 2A 489 1047 1450 1726 


where vo is the frequency of the shortest wavelength peak, which we assumed to 
be the frequency of the electronic transition and 7, M2, n3, na and n,; are constants 
for each peak, which take on the successive integral values. 

The values of the vibrational frequencies calculated by means of this formula 
are listed in Table 1. It will be seen that identical vibrational frequencies are 
evinced in both the investigated acids. 

It may be assumed that the v!'!! and vY frequencies in both acids are associ- 
ated with the C—O and C==-0 bonds in the COOH groups, inasmuch as the frequency 
values reported’ for these bonds in Raman and infrared spectra are 1033 cm-l and 
1734 em71, respectively. The v!V frequency may correspond to vibrations of the 
CHg group. The value listed for this group in the literature’ is 1450 cm71. 

I desire to express my deep gratitude to B.A.Pyatnitskii for his interest 
in the work and valuable advice. 
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Announcement 


With this issue we are changing from the Library of 


Congress to the British Standard System of transliteration. 
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INTERNAL CONVERSION COEFFICIENTS OF SOME NUCLEAR TRANSITIONS IN As?° 
- A.A.Bashilov & V.V.I1l'in 
A.V.Zolotavin and his colleagues! carried out 


the conversion electrons and y-rays from Se75. 
the internal conversion coefficients CICG) o£ t 


a detailed investigation of 
For the purpose of calculating 
he nuclear transitions in As/95 
from the relative intensity of the conversion electron and y-lines these authors 
had to know at least one conversion coefficient accurately. 
the literature2,3 were obtained by means of equipment with r 
tion and hence were not sufficiently accurate. 

In view of this we undertook to measure the ICC of some transitions in As?9 
by the procedure described in Ref.4, which directly yields the absolute values of 
Qx- In this procedure the coefficients are determined by measurement on a magnet- 
ic spectrometer of the numbers of conversion electrons (me) and photoelectrons (n,) 


ejected from a calibrated target by the radiation from the same source. AS was 
shown in Ref.3, Q is given by 


The values of Q, in 
elatively low resolu- 


n 
e 
Oy — 
to) & n ’ 
XG 


ak = 


where Tt is the photoelectric absorption coefficient and g is a function of the 
energy and apparatus parameters, which is determined by means of special calibra- 
tion experiments utilizing y-rays with well known ICC. 
In the present work we 
g10;cm : determined the ICC of the 265, 
© ne 10pulses/min280, 305 and 401 kev y-trans- 


: 18 
ty, pulses/min ® itions in As’5, These trans- 
175 100 ey. P 
itions are of particular in- 
@ 1,4 terest in that they are cross- 


over transitions to the 
ground state of As?5. Having 


oe determined the ICC and multi- 
- 50 pole orders of the transitions, 
e one can make spin and parity 
assignments for the indicated 
levels. 
In the present experi- 
ments, for obtaining the photo- 
0 electron spectrum, we used the 
"5100 5200 9300 roe same target with a bismuth 
Hp, @S-¢m radiator (0 = 1.6 mg/cm”) as 
Fig.l. Results of calibration experiments with in our earlier work. In that 
Csl37 662 kev y-rays: a) photoelectrons from Bi study we used the procedure 
radiator, b) conversion electron peak, c) varia- in question to investigate 
ation of the function g with the y-ray energy nuclear transitions with ener- 
(calibration curve). Curve b was plotted taking gies close to Rage’ of the 
into account the resolution of the counting equip- transitions in Se . The tar- 
ment which was determined by special experiments. get was calibrated with refer- 


ence to the ThB (238 kev), 
Aul98 (412 kev) and Cs!37 (662 kev) y-rays. In view of the fact, however, that 
in the present experiments with Se’ we had to use radioactive sources of appreci- 
ably larger size than in the work of Ref.4, it was necessary to correct the target 
calibration. This was done using Csl37 y-rays from a source of appropriate size. 
Fig.1 shows the conversion and photoelectron peaks obtained for the Cs y-rays 


and the curve representing the corrected function g. 
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Fig.2. Spectra: a) photoelectrons from Bi radiator, b) conversion ipnecin 
sociated with the 265 and 280 kev y-rays from Se’5 (source 1; o © 0.1 mg/cm@). 
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Hp, Cs-cm 
Fig.3. Spectra of photoelectrons from the Bi radiator ejected by the 305 and 401 
kev Se/® y-rays (source 2, 0 #0.5 mg/cm) , The insert is a comparison in rela- 
tive coordinates of the shapes of the photoelectron peaks due to the 265 (1), 305 
(2) and 401 (3) kev y-rays. The divergence between the curves is due to slowing 
down of the photoelectrons in the radiator. The line shape was investigated for 
the purpose of more accurate determination of the area of the K-305 peak situated 
on the side of the line due to Compton electrons from the 401 kev y-rays. 
Se ee eS ee es ie ee ee ee ee ee ee ee 

In view of the fact that the intensities of the 265 and 280 kev transitions 
are appreciably higher than the intensities of the 308 and 401 kev transitions, 
we used two Se?75 sources. The 265 and 280 kev transitions were investigated us- 
ing a relatively thin, weak source (source 1), having a superficial density 0 = 
0.1 mg/cem?; the 305 and 401 kev transitions were studied using a stronger and, 
unfortunately, thicker source (6 ~ 0.5 mg/cm?) (source 2), which was also charac- 
terized by a less uniform distribution of the active material (both sources were, 
of course, of identical size). Hence the relative intensities of the conversion 
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Hp, &S-c 
Fig.4. Spectra of the conver- 


sion electrons associated with 


the 305 and 401 y-rays of Se795 
(source 2; 0 @ 0.5 mg/cm2), 
The L-280 and M-280 lines (not 
shown in the figure appear on 
the left side of the K-305 
peak. 


are compared with the data of other authors in Table 2. 
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and y-lines must be compared separately for the 
265 & 280 kev transitions and for the 305 & 401 
kev transitions. 

The conversion electron and photoelectron 
spectra obtained for the two sources are shown 
in Figs.2,3 & 4. The experimental data, which 
are averages for several series of measurements, 
are listed in Table l. 

Our value (0.55) for the intensity ratio of 
the Kog0/K265 conversion lines differs from the 
value (0.49) obtained by Zolotavin et all by 10%, 
while the respective values for the K401/K305 
ratio agree within 1%. The relative y-ray inten- 
sities calculated on the basis of our data are 
Tos0/I265 = 0.45 and I4o9)/1305 = 8.3; these values 
differ by 10 and 7%, respectively, from those 
cited by Zolotavin et al. Thus it may be asserted 
that there is satisfactory agreement between our 
results and those of Zolotavin et al inasmuch as 
the indicated divergences are within the experi- 
mental error. 

The ICC values deduced from our experiments 
It will be evident that 


there is considerable disagreement with results of earlier investigations and 


good agreement with the data of Ref.1. 


In Ref.1 for obtaining the ICC from the 


relative conversion and y-line intensities the experimental values were normalized 


partially on the basis of our data. 


There was obtained good agreement of the ex- 


perimental values of Q, with the theoretical values for the 121, 136 and 401 kev 
transitions which must be El, as follows from angular correlation measurements 


(see discussion in Ref.1l). 


Table 1 


Experimental results obtained with the two Se’5 sources 


a TR SS aa] 


+t, CMS g-10*, CM 


Ne 


ar +4108 
Ry K 


4,36 4,38 400 100 10-41 6,0+0,6 

580 3.69 4/39 55-45 38+2 16;74-1,8 |" 7,641.0 
4,44 100 100 100-15 4248 

iol re 4.47 23-42 440-+50 5,0-+0,7 | 41,140,2 
Table 2 


Values of Q, for four y-transitions in As75 


ne 
a: 108 
ee: 
pis Schardt |Grigor’ev} Our 
Jensen et} et al et 
fal ae Gar es V OES le he 
= 16-45 6,5+0,4| 6,040,6 
280 ~~ 1943 7,640,8 6+4,0 
= 30-410 4346 | 4248 
“04 4,5 2,4406,5 154 1,14+0,2 
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Table 3 
Multipole orders of y-transitions in As’ 
ay 108 
TH Theoretical values Multipole 
eH Epoomien= order 
tal values| Fi! E2 E3 Mi M2 M3 

1. Rh eee 
265 6,040,6 | 3,7| 20 | 87 | 6,3] 32 | 138 Pre 
280 7-64-15 0-s|08y20| atGe WN.Gom lt Sess] 2601407 { eee 
305 4248 7,15) 42 47 4,4 49 78 E3 
401 4,4+0,2 War 416| eto 7). fo) fs) 2S) FA 


Comparing the experimental ICC values with 
cot the theoretical ones®, we arrived at the multipole 
order assignments shown in Table 3. Most interest- 
ing results are that the 305 kev transition is E3, 
280 while the 401 kev transition is apparently El. 

As was noted above, the transitions in question 

are direct transitions from levels at 401, 305, 280 
and 265 kev to the ground state of As’95. In view 
of the fact that the spin of the As’5 ground state 
is 3/2 (experimental value) and the parity is odd, 
one can make the following spin and parity assign- 
ments for the enumerated levels: 5/24, 9/24, 5/2- 


0 and 3/2- (Fig.5). The indicated spin and parity 
As” assignments are in good agreement with the infer- 
Fig.5. Diagram of the As?95 ences of other authors (see discussion in Ref.1). 
levels and transitions in- The ground state of As’° and the 280 and 305 kev 
vestigated in the present levels are single particle ones, while the 265 and 
work. 401 kev levels are, apparently, configurational. 


We acknowledge our indebtedness to A.V.Zolota- 
vin for making available the high activity Se75 source. 


Scientific Research Physical Institute 
"A. A.Zhdanov’ Leningrad State University 
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DETERMINATION OF THE RELATIVE ABUNDANCES AND CONVERSION COEFFICIENTS 
OF TRANSITIONS OCCURRING IN THE DECAY OF Se@5 


- E.P.Grigor'ev, A.V.Zolotavin, V.Ya.Klement'ev & R.V.Sinitsyn 
1. Summary of Available Data on Ge?5—»ag75—»ge75 
$e eet On Ge AS “SN Se f° 


The existence of radioactive selenium 7 


by Kent, Cork & Wadley! and Dubridge2. In the early experiments Se?’9° was obtain- 
ed by the As’5(d,2n) and As75(p,n) reactions. At present Se’5 is usually obtain- 
ed by the Se’4(n,y)Se75 reaction. 
The half-life of Se75 has been measured by a number of investigatorsl-8, The 
most accurate result, T = 127 + 2 days, is probably that of Cowart et al* who fol- 
lowed the decay of this isotope over a period of 1000 days. Se75 converts to 
As’5 by electron capture. All spectrometric investigations of the radiations 
from Se75 indicate the absence of positrons and the presence of a large number 
of K x-rays. 3,4,7-9 Schardt & Welkerl9O in their Y-y coincidence measurements 
found that all the y-transitions yield coincidences with As K x-rays. Precision 
measurements11,12 of the As’5(p,n)Se75 reaction threshold yielded an average val- 
ue of 1.650 + 0.003 Mev. It follows that the Se’5 - as75 mass difference, ex- 
pressed in energy units, equals 868 kev. — 
The nuclear spin of Se?5 (I = 5/2) and its quadrupole moment (Q = 1.1:10 2 
+ 20%) were determined by Aamodt et all3 by observation of the microwave absorp- 
tion spectrum of OCSe’75. The spin of the As?5 ground state (I = 3/2) was estab- 
lished from observation of the hyperfine structure of line spectra and substanti- 
ated by microwave absorption experiments.14 Temmer & Heydenburgl9, in Coulomb coe 
citation experiments with 3 and 7 Mev as, found evidence of excited aap: of AS 
with energies 200 + 3, 283 + 8, 574 + 5 and 814 + 13 kev. Paul & Gove ,» working 
with the As7?5(p,p'y) reaction with E, = 2 Mev, detected levels with energies of 
200 and 280 kev. Lastly, in investigations of inelastic neutron scattering ise one 
As?5(n,n'y) reaction involving 1.35, 2.45 and 3.7 Mev neutrons, there ers : apse 
ed the following excited states of As?5; 280 + 15, 780 + 4, 815 + 10, I + A 
1250 + 30 and 1630 + 20 kev (Refs.12,17,18 & 19). A number of delayed saa saa 
measurements by different authors20,21,22 yielded a value of 8 #2105 ae face 
for the lifetime of the 305 kev level in As79, ie Bone’ Axel eee os ec: 
lifetime from the delay of y-y' coincidences in the As‘/°(7,7')As Benet on 
E. < 22 Mev and Ey: = 280 kev and found 12 millisec; Campbell & Stelson from 
oe Wane of n-y coincidences in the As?9(n.n'y) reaction with E iS ae 
rived at a value of T = 21 millisec. Similar lifetime measuremen a a 73 (net 
i ielded tT < 8-10-10 sec for the 265 and 280 kev levels in As ; 
ee ccc fost sec for the 410 kev level25. Metzger24, employing the nuclear 
= i ived at the following evaluations of the lev- 
a ay prio tt ssosizoosueosnip aiieamaliest cay 
- between 10-19 and 3-1079 sec. : ; ed by means of mag- 
The conversion electron ae y-spectra pie oiceparnogcae: ice EA iid 
netic®8-10,26 ang scintillation spectrometers ae ee 
iti i (taken from the work of Cork et a a 
now accepted transition energies Ne PA Ar civ cP 
lowing: 24.7, 66.2, 76, 81, 96.8, 121.2, ca ey rR Ain Petras fh 
kev. These authors used the method of A ai eane Obie on SSiagim cor 
a uniform magnetic field; the source was PLEP ; fe te ee eee 
: : ile. The uncertainty in determining 
Be eee neha seal one Pe than a few tenths of a kev). On the basis 
pecat ne tis procedure "#6 peat ree osed a level scheme for As?’°, the general 
aed ig eo el Peal Eee shy subsequent investigations. 
validity of which has been 


5 was established in the early 1940s 
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Schardt & Welkerl9O evaluated the internal conversion coefficients of several 
transitions in As/’° on the basis of conversion line and y-transition intensity 
measurements by means of calibrated crystals. 

Analysis of experimental data on 7-7 coincidences!~ »27,28 , y-y angular cor- 
relationl0,25,29 and polarization of cascade y-rays from Se? (Ref.25) leads to 
the following spin and parity assignments for the levels of As75; 402 kev - 5/2+, 
280 kev - 5/2-, 265 kev - 3/2- and 199 kev - 1/2-. 

Decay of the B--active Ge?5 nucleus also yields much information on the lev- 
els of As’?5, Among the first to investigate the decay of Ge75 were Seaborg30 and 
Sagane3l and their co-workers. The most complete data on the decay of Ge75 (con- 
tinuous B-spectrum, conversion and y-spectra, Bay anday=y coincidences) were ob- 
tained in the investigations of Refs.10, 25, 27 & 32. We note that in these in- 
vestigations there was detected yet another level in As?5, a level having an ener- 
gy of 628 kev. We have summarized the results of these investigations below in 
Tables 10 & 11 and will make use of this data in discussing the As?5 level scheme. 

A comprehensive decay scheme for Ge75-»as75—»Se75 is given in Refs.25 & 33 
and is shown with our emendations below in Fig.13. Not all the low lying levels 
of As?5 can be interpreted from the standpoint of the Mayer independent particle 
model. Van den Bold et al2° inferred on the basis of their data that the 280 and 
628 kev levels cannot be rotational ones. For the explanation of such “anomalies” 
as that represented by the As75 level scheme, Jensen34 proposed a different ap- 
proach, which is a generalization of the work of a number of authors and is based 
on the assumption that at the beginning of filling of the nuclear shell L-S coup- 
ling is evinced more strongly, while J-J coupling comes to the fore as the shell 
is filled. This should lead to an appreciable mixing of configurations. The 
proponents of this idea have carried out calculations for 5 < A <16 and obtained 
satisfactory agreement with experiment. 

It is obvious, however, that in order to make more reliable assignments for 
the states of As’5 we must have more accurate data on the relative intensities 
of the y-transitions and the conversion coefficients. Investigations of the ra- 
diation of Se75 and Ge?5 made hitherto have been made with half-widths of the 
conversion lines greater than 2% (an exception is the work of Cork et al8 in 
which, however, line intensities were not determined) and with appreciably poorer 
resolution as regards the y-spectrum. Appreciably better resolution is essential 
in investigating the K and L conversion electron lines, while in measuring the 
y-ray intensities one must insure complete resolution of the photoelectron peaks. 

We undertook such experiments: the relative line half-width in our work was 
~0.5%. 


2. Spectrometer, Sources and Experimental Conditions 


The present study was carried out on a x/2 double focusing magnetic spectro- 
meter. 35,36,37 the apparatus half-width of the electron lines was 0.4%. The 
counter chamber window passed >8 kev electrons. 

The Se75 was prepared by irradiation of an Se74 enriched mixture of selenium 
isotopes in a reactor. The thermal neutron capture cross section for Se’4 is 50 
barns; it is somewhat greater - 82 barns - only for Se76 (Ref.38). No chemical 
purification of the material was necessary inasmuch as all the radioactive iso- 
topes of selenium produced by slow neutron irradiation, except Se75 and Se/’9 
are short-lived; the activity of Se79 is negligible because the cross Hection 
of the Se’8(n,yv)se79 reaction is only 0.4 barns38 while the half-life of Se?’92 
is close to 7-106 years39, 

Our source material, which was stored for a considerable eri 
virtually only Se’5 by time of the experiments. The specific notiviSeeeeee 


~ * 
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than 5 mc/mg. Thin sources for measurement of the conversion electron spectrum 


were prepared by thermal vaporization of the i i 
f ee radioactive i i 
a thin aluminized collodion film. Pen We te SEIARE Et 


The deposited i : 
metallic state. p selenium was transformed to the 


To prevent evaporation of th 
with a very thin collodion film also lightly aan ea iceman 
The conversion electron spectra were measured with three Bounces: two sources 
prepared as described above with superficial densities <0.05 mg/cm2 and <0 25 
mg/cm? and a source with a surface density not exceeding 5 mg/cm2 Seen te ap- 
plication of a chloride solution to the backing film. We were able to observe 
all the lines with the apparatus half-width. 
We were also able to observe the lines of the photoelectron spectrum with 
the apparatus half-width by using thin targets. The photoelectron source was a 
glass tube with an outside diameter of not over 1 mm, an inside diameter of 0.3 
mm and a length of 35 mm. Approximately 50 mc Se’5 were loaded into the capillary. 
The high effective transmission of the instrument [(2S/p2) - 106 = 10, where 
si. is the mean solid angle utilized in the spectrometer, equal to 0.65% of 4x in 
our case, S is the area of the source, equal to 30 x 1 mm, and 9 is the radius 
of the equilibrium orbit, equal to 140 mm in our case] and the high quality of 
the sources employed made it possible to obtain relatively intense lines. The 
statistical uncertainty in determining the relative intensities for most lines 
varied in the range from a few tenths of a percent to a few percent. The spec- 
trum measurements were carried out over a period of several months. In making 
corrections for the decay, we used T = 127 days. The time variation in the inten- 
sity of all the observed lines were consistent with this period. 


3. Determination of Relative y-Ray Intensities 
A. Procedure 


The relative y-ray intensities I, were determined on the basis of measure- 
ments of the spectra of photoelectrons ejected by the y-rays from thin targets 
of silver, lead, bismuth and other elements. 

The use of a point source and an infinitely thin 
spherically symmetrical target would make it possible 
to eliminate the influence of angular distribution of 
the photoelectrons on the accuracy of determining Iy- 
In our case, however, we had a source with axial sym- 
metry (Fig.1) and very thin targets. The first succes- 
sful experiments involving use of a source of this de= 
sign were carried out by Bashilov, Anton'eva & Dzhele- 
pov40 » 41 and were subsequently repeated and checked on 
our B-spectrometer. 36 ,37,42-44 


Fe ares 


Fig.1. Sectional view of photoelectron source; 1) Se75 source, 2) glass capillary, 
inside diameter 0.3 mm, outside diameter 1.0 mn, 3) aluminum backing 0.1-0.2 mm 
thick, 4) converter; 5) position of conversion electron source. The angle of di- 
vergence of the electron beam in the plane perpendicular to the magnetic field is 
36° as indicated. 
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B. Measurements and results 
De C8 


In investigating the Se75 y-spectrum by observing photoelectrons we used 
cylindrical targets 1.1-1.2 mm in diameter. For the purpose of determining the 
influence of the superficial density 9 and the atomic number Z of the target 


material on the experimental photoelectron spectra, we tested targets with dif- 


- 156 - 


ferent 0 and Z, namely, Ag (0 = 0.03, 0.25 and xO mg/cm) and Bi (o = 0.03 and 
0.1 mg/cm) , as well as thick targets of Pb and Ta. The thin targets were pre- 
pared by vacuum vaporization of the metal. After making appropriate corrections 
for electron absorption in the counter chamber window (this correction did not 
exceed 10% for the low energy lines), for absorption in the target (this correc- 
tion was significant only for thick targets) and absorption of y-rays in the 
source, capillary walls and the aluminum backing of the target (these corrections 
totaled less than 18% for the lowest energy line) and averaging of the experiment- 
al results obtained using a single counter and two counters connected in coinci- 
dence, we obtained the relative intensity values listed in Table l. The photo- 
electron spectra obtained with different targets are shown in Figs.2 through 6. 
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Fig.2. Se? photoelectron spectrum obtained with o = 0.1 mg/cm2 Bi target. 


In measurements with the 0.03 mg/cm2 Ag target the line corresponding to the 
66.5 kev transition was obtained with a relative half-width of 0.6%; the other 
lines with the apparatus half-width. The 77.1 and 199.5 kev transitions could be 
observed only with the thicker (0.25 mg/cm?) target (Figs.3 & 5). Similarly the 
304.6 kev transition was evinced only with the heavier Bi target (o = 0.1 mg/cm2). 
The very weak 572.4 kev transition was detectable only when using heavy targets: 
15 mg/cm? Bi, 13 and 18 mg/cm? Pb and 80 mg/cm? Ta (Fig.6). The intensity of 
this transition was evaluated through comparison of the photoelectron spectra ob- 
tained with thick targets. The 265.0 kev transition was used as the reference 
in all the series of measurements. 

The y-spectrum was carefully investigated in the region where the lines due 
to the presumed ~81 and 475 kev transitions should appear; however, these lines 
were not detected. With a view to observing the hard lines, we careied out addi- 
tional measurements with a tantalum target. Search for the 477 kev transition 
detected in the decay of Ge75 was hampered by the fact that with high-Z targets 
the. L and M photopeaks of the 401 kev transition lie in the region in eae 
Analogous difficulties were encountered in the search for the photopeaks due - 
the possible 381 kev transition. Hence from analysis of our experimental aneee 


we were only able to indicate the upper bounds for t j i 
itions (see Table 1). he intensities ot thers oisaheg 
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Fig.3. Photoelectron 
peaks associated with 
the 66, 77 and 96.7 
kev transitions ob- 
tained with the o = 
= 0.25 mg/cm? (upper 
curve) and the 0 = 

= 0.03 mg/em2 (lower 
curve) Ag target. 

The N/Hp scale values 
pertaining to the 
lower curve are indi- 
catedeing (@).. 
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Fig.4. Photoelectron peaks 

associated with the 121 and 
136 kev transitions obtained 
with the o = 0.25 mg/cm2 Ag 


(000 
target. 
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Fig.5. Photoelectron peaks associated with the a) 199 kev and b) 401 kev transi- 
tions obtained with the o = 0.25 mg/em2 Ag target. 


NW The intensities 
Hp deduced for the low 
Ta, 6-80 més /cm@ energy lines from our 
measurements with the 
thick (1 mg/cm?) Ag 
target and with the 
high-Z targets (0.03 
and 0.1 mg/cm@ Bi) 
proved to be low com- 
pared with the inten- 
sities obtained from 
the measurements with 
the thin Ag targets. 
This is not surprising 
inasmuch as calcula- 
tions showed that the 
number of collisions 
experienced by < 100 
kev photoelectrons in 
the l mg/cm? silver 
target and <150 kev 


0 Ho, &5:CM 
2700 2600 a hd electrons in the bis- 
Fig.6. Photoelectron peaks associated with the 572 kev muth targets is rather 
transition obtained with different targets. sea atte I EAN ay 


leads to appreciable 


slowing down of the photoelectrons in these targets. In view of this we discarded 
the intensity values for the low energy lines obtained with these targets. 
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C. Comparison of the results with the data of other authors 
ee Opal OO ee 


Table 2 
Relative intensities of y-transitions in Se?9 


Ref.9 Ref. 10 Ref. 25 (oe 
Energy, Cia, Bens a (Scintill. adage 
P Si spectro. photo— 
kev electr. spectro. Anta 
K-x-rays — 81412 — —* 
66.5 = 1,8+1,0 2,1-+40,8 1,530, 15 
77.4 ~20 <0'2 = 6,3:40/4 
(81) = <= ~ <0'4 
96.6 re 6,6-41,5 5,840,6 5,540.3 
1212 Sent 2846 24°543'0 27,9-11'3 
136.2 30 94412 1645 96-5 
1995 as 3 3,6-L0,4 2,640, 2 
265,0 100 100,0 100,0 100,0 
280.0 aT 45,7+4,0 5245 4142,5 
3046 ia 2/0075 eo 2,540.3 
(381) = —s = <0, 
4042 20 24,8-42,5 28-42 Poh eee 
(475) i Es <0'5 
572,4 = — AOR 0,18-+-0,06 


*Data not given owing to strong absorption of the x-rays 
in the source and tube walls. 


As will be evident 
from Table 2, our 7-ray 
intensity values are in 
agreement with the results 
of Schardt & Welkerl9 and 
Van den Bold et al25 ob- 
tained by means of cali- 
brated scintillation spec- 
trometers. 

Some divergence be- 
tween the data of Van den 
Bold25 and the other two 
sets of values (Ref.10 and 
ours) is explained by the 
fact that in the work of 
Van den Bold et al the 
lines were not accurately 
resolved owing to appreci- 
able broadening, whereas 
in the work of Schardt & 
Welker a lens spectrometer 
was used for separating 


the close 97 + 121 + 136 and 265 + 280 + 305 kev lines. 


The data of Jensen et al9 


are in conflict with all the above results; the reason for this is the strong in- 
fluence of converter thickness (Jensen et al used 22 and 37 mg/cm?) on the width 
and shape of photoelectron lines. 


Comparison of the intensity values 


Table 3 


The conversion coefficients of the 265, 
280, 305 and 401 kev y-transitions in the de- 
cay of Se75 were determined by Bashilov & 


for the 265 & 280 and 305 & 401 
kev y-transitions obtained by 
Bashilov & Il'in49 
with our results 


Il'in45 (preceding article) by the calibrated 
target procedure. 46 
lows of determining the relative y-ray intensi- 


This procedure also al- 


Intensit; Galen 
mee ee ee Our data the photoelectrons. 
ratio 
cedure (45) 
1965/1 y-280 2,22+0,12* | 2,44+0,15 


Ty-305/Ly-401 | 9,417.0, 013* 0, 112+-0,020 


*The indicated uncertaint 
not. include the error in calibrat- 


does 


ing the spectrometer (determining 


the factor 
probably o 


section 6 below) that the 121, 136 and 401 kev transitions are all El. 


a Ref. 45) 


, Which is 


he order of 5-10%, 


ties, allowing not only for instrument effects 
and the influence of the thickness of the tar- 
get, but also for the angular distribution of 
In the work of Bashilov & 
Il'in the intensities of the photoelectron 
lines associated with the 265 & 268 and 305 

& 401 kev transitions were measured with dif- 
ferent sources and hence we can compare their 
values with our data separately for the two 
pairs of transitions. The comparison is given 
in Table 3; it will be seen that the averaged 
values agree within 5-10%. 

The accuracy of our y-ray intensity deter- 
minations is also substantiated by the follow- 
ing considerations. It follows from y-yY angu- 
lar correlation and other experiments (see 
This be- 


ing the case, if for any one of these transitions we equate the experimental 
Ix/Ty ratio to the theoretical conversion coefficient, we obtain values of Ok 


=" 61s = 


agreeing with the theoretical ones for the o 
from Table 8 (column 7): the value of Ax 
for all three transitions. 


ther two transitions. This is evident 
= OK (£1) / IK/1,) is virtually the same 


D. Remarks concerning the spectral sensitivity of our instrument 


1. 600 to 2000 kev region. We evaluated the response of our instrument in 
the 600 to 2000 kev region of the spectrum by observing the y-rays emitted in the 
decay of Sb124, We obtained the y-spectra of this isotope with different targets 
and using sources of different thick- 
ness.96 The y-spectrum of this iso- 
tope was investigated by Dzhelepov 


Table 4 

Comparison of our relative intensities of 
the Sbl24 y-rays with the results of Dzhele- et a147 on a y-spectrometer (Elotron) 
pov et al47 and the values calculated from calibrated with an accuracy of ~5%. 

the conversion coefficients Comparison of our results with the 
I,, based data of Dzhelepov et al (see Table 4) 
Pele teee bale Yi shows good agreement. It follows 
that in the 600 to 2000 kev region 


hy , kev 


74144723 | 0,27+0,03 | 0,27+0,02 | 1,02+0,2 = intensities due to angular distribu- 
1696 4,00 4,00 1,00 1,00 i we 
2088 0,13:40,02 | 0,13240,02 1,000,083 | ces tion of the photoelectrons cannot ex 


ceed 10%. 

This inference is supported by 
the following argument. As is known, 
the experimental conversion coefficients agree well with the theoretical ones. 
Having determined the relative intensities of the conversion lines and knowing the 
multipole order of the transitions, and, consequently, the theoretical conversion 
coefficients, we can readily calculate the relative y-line intensities Iy,x. Com- 
parison of the experimentally determined relative intensities of the 1696 kev (El) 
and 603 kev (E2) y-transitions 


Table 5 in Sb124 with the intensities 
Comparison of our relative intensity values for calculated on the basis of the 
the y-rays of Se’5 with the results of Schardt conversion coefficients show 
& Welkerl9O and the values calculated on the basis that they agree within the lin- 
of the conversion coefficients its of the experimental error 


(Table 4). Hence in view of 
ee the above said it may be assumed 


| that in the energy region above 


z Cc * 
iy eee digg Pasee Lay mae forte Ty/ly 600 kev differences in angular 
@ate = Ref, 10 distribution of the photoelec- 


trons for different /Ayv have no 
significant effect on the ac- 


eae epee. | a Aabae',0 OE40.8 103-40, 08 curacy of determining the rela- 
121.2 0,99+F0;,05 tive y-ray intensities. 
136 ,2 4,000, 05 
dee ol ihe 1,02:£0,2 2. 100 to 400 kev region. 
265+280+| 14343 148-5 4,03-0,05 For this energy region we util- 
Boe 4,09-+0, 20 ized the ge eee Se75. As 
401,2 | 22,3+2,7 |.24,842,5 | 0,90-0,20 0, 96-40, 18 in the case of Sb!24, we could 
—___—_ compare our y-ray intensity 
*Intensity of the 265 kev line taken as 100, values with the data in the 


$ F alles 
**The Iy/ lyK tavae for the 106.2 key line, vaken. 2° literaturel9,13, Inasmuch as 


the measurements of Schardt & 
Welker!° were carried out on 


a LOZ 


a scintillation spectrometer characterized by a relatively low resolution, it was 
more expedient to carry out the intensity comparison not for individual lines but 
for groups of close lines; this has been done in Table 5. 

As follows from analysis of the Se75 decay scheme, the multipolarity of the 
121.2, 136.2 and 401.2 kev transitions is El, the multipolarity of the 96.6 kev 


transition is E2 and that of the 304.6 kev transition is E3. 


The experimentally 


determined y-ray intensities are compared with the values calculated on the basis 
of the conversion coefficients and conversion electron line intensities in the 


last column of Table 5. 


It will be seen that our experimental values in the 100 


to 400 kev region agree within 10-20% with both results of Schardt & Welker and 


the calculated intensity values. 
3. Tbl69 y-spectrum. 
were measured earlier 


,49 with a somewhat lower statistical accuracy. 


The gamma and conversion electron spectra of Tb160 


The re- 


gion of the Tb160 y-spectrum extends from 300 to 1200 kev and thus overlaps and 


joins the spectra of Se75 and Sb124, 


Table 6 
Comparison of our relative intensity 
values for the y-lines of Tb199 with 
the results of calculations based on 
the conversion coefficients 


The experimental relative intensities of 


the Tb160 y-rays are compared with the 
values calculated on the basis of the 
conversion coefficients and conversion 
electron lines in Table 6. 

Thus the cited data do not conflict 
with our deduction that the angular dis- 
tribution of photoelectrons does not sig- 
nificantly affect the rendition of rela- 
tive intensities. On the basis of the 
experimental data we conclude, therefore, 
that the possible error in determining Iy 
owing to our inability to take into ac- 
count the possible influence of angular 


distribution of photoelectrons does not exceed 15% in the entire region from 100 


to 2000 kev. 
4. Influence of source geometry. 


Investigating the y-line intensities, we 
used thin y-ray sources, 0.3-0.5 mm in diameter and 35 mm in length. 
of the target (radiator) was 1.2-3 mm, the length 30 mn. 


The diameter 
In the case of larger 


diameter sources, in addition to appreciable self-absorption of softer y-rays, 


there occurs some distortion in the rendition of the relative intensities. 
for Sb124 we used a 1 mm diameter y-ray source. 


Thus, 
With this geometry the relative 


intensity of the 603 kev y-transition increased by 20% compared with that shown 


in Table 4. 


Thus we conclude that when the source diameter is increased over 0.5 


mm there becomes evident a noticeable energy dependence of the photoline intensi- 
ties, a dependence characterized by a descending curve in the region above 600 


kev. 


Thus it follows from our experiments with Sb124 and Se75 that one can select 


a source geometry, i.e., a photoelectron source with cylindrical symmetry, with 
which the influence of angular distribution of photoelectrons on the evaluated in- 
tensities is nearly insignificant over a wide energy range. 


4. Se’5 Conversion Electron Spectrum 
A. Measurements and results 


an In all we obtained 26 conversion lines corresponding to 12 transitions in 
As‘’. This number includes the K - LL, K - LM and K - MM Auger electron lines; 


we not only resolved these but evaluated their approximate intensities. 
series of measurements were made with each of three sources; 


Several 
in all the series we 


measured the intensity of the K-265 line which served as the reference throughout: 
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Fig.7. Auger electron and K-24, L-24 and M-24 conversion lines obtained with a 
o ~ 0.05 mg/cm? source. The L line of a 15 kev (280-+265 kev) transition may be 
superposed on the rise of the K-24 line. 
Fig.8. Conversion lines of the 65-81 kev transitions. The arrow indi- 
cates the position of the low intensity K-77 line. 


The corrected and averaged results are shown in Figs.7 through 12. The energy 
and intensity values are listed in Table 7. The L and M conversion lines were 
fully resolved only for the 24 kev transition. In view of the fact that the L 
and M lines associated with the transitions in the 66 to 265 kev region were not 
resolved experimentally, we give only an approximate evaluation of their intensi- 
ties based on analytical resolution of the spectra. 

It must be noted that there was present a noticeable background due to elec- 
trons scattered in the source and spectrometer. We carefully measured this back- 
ground over the entire range of the spectrum with a view to more accurate deter- 
mination of the line areas. In view of the fact that the low energy lines are 
rather strong, while in the high energy region of the spectrum the scattering is 
low, this effect did not introduce any great errors in determination of the line 
areas. In observing the low intensity K-77 line, however, the background was a 
substantial factor. Moreover, the K-77 peak is partially superposed on the M-66 
peak. Hence we could only evaluate the upper bound of the K-77 line intensity: 
0.7 relative to the intensity of the K-81 line (Fig.8). By using a strong source 
we were able to observe the K-572 line (Fig.12,b) and evaluate its intensity. 

No conversion lines associated with the 477 kev transition were detected. 
From measurements in the corresponding region of the spectrum we infer that the 
K-477 line is at least five times less intense than the K-572 line. Together 
with our data, we also list in Table 7 the results of a number of other investi- 
gators. It will be seen that closest to our data are the results of Schardt & 
Welker29 , which, apparently, comprise errors of at least 10% as regards the réla- 
tive intensity values. There is a factor of four difference between their and 
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our values for the intensity of 
the weak K-305 line. This differ- 
ence can be explained by the error 
involved in determining the back- 
ground in the region of this line 
in the work of Schardt & Welker, 
wherein the line width was 6-8 times 
greater than in our experiments. 
4-9) In our spectra the half-width of 
this line was ~0.5%; its intensity 
with a strong source was ~3700 
pulses/min at the peak with a back- 
ground of 30 pulses/min. 


Fig.9. Conversion lines of the 97, 
121 and 136 kev transitions. 


A-136 
Fig.10. Conversion lines of the 265, 


280 and 305 kev transitions obtained 
with a thick source. 


Fig.11. Conversion lines of the 265 
and 280 kev transitions obtained 
with a thin source. The line widths 
are close to the apparatus widths. 
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Fig.10. Fig.1l. 
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The relative intensity data given by Jensen et 
alo must be regarded as only rough approximations 
inasmuch as in their experiments the K-265 and K-280 
lines, which differ by a factor of 2 in intensity, 
were not resolved. 

In the table we also give an evaluation of the 
relative intensities of the K series Auger electron 
lines. The greatest source of error in evaluating 
these was the strong electron absorption in the 
counter chamber window which had a superficial densi- 
tCyroLa0.) mg/cm; the absorption in the source it- 
self was relative- 
ly small. Accord- 
ing to our evalu- 
ations, there were 
detected approxi- 
mately 24% of the 
Kes OU On 
: e es the K - LM, 70% 
2400 2450 7500 = A Abts agrren st 

p.05-0 Hp, &s-cm and 80% of the 
K-24 electrons. 


N 
1000 


750 


$00 


250 


Fig.12. Conversion lines of the a) 401 and b) 572 kev transi- 
tions, obtained with a thick source. 


B. Conversion coefficients and multipolarities 


There are two independent methods for determining the conversion coefficients 
from the measured relative intensities of the y-rays (1, and conversion electron 
lines (Ixy). 

The first and preferable method consists in comparing the experimental Ix/ly 
ratios with the conversion coefficients Q, of the 265, 280, 305 and 401 kev trans- 
itions as determined by the calibrated target procedure by Bashilov et I1'in45, 
This comparison is given in Table 8: the experimental Iy/I ratios are listed in 
column 2; the conversion coefficients found by Bashilov & 1‘ in are listed in 
column 3. It will be seen that we obtain a virtually constant value of Ay = 
= O&/ (Ix /1 ) - column 4. Hence we utilized the mean value of Ax for evaluating 
the coefficients of the other transitions (column 5). 

The second method is based on utilizing the fact, established in other in- 
vestigations, that the 121, 136 and 401 kev transitions are all El. Assuming 
this to be the case and making use of a similar comparison procedure as above, 
one can determine the conversion coefficients of the other transitions; the cal- 
culations and deduced values of Qk are given in columns 6,7 & 8 of Table 8. 

It will be seen (columns 5 & 8) that there is good agreement (within 6-14%) 
between the values of Q,x determined by these two methods. Then tau ae? val- 
ues of Qyx with the theoretical values given in the tables of Sliv & Band® and 
listed in Table 9, we can indicate the multipole orders of all the transitions. 
The multipole order assignments arrived at in this manner are listed in column 9 
5 aa vanstats includes an evaluation of OQ, for the 77 kev et NEE aoe It was ar- 
rived at on the basis of the limiting values of the intensity ratios for the 77 
and 81 kev transitions, i.e., (Ix) 77/(Ik)g1 <0-7 (see Table 8) and (Iy)81/(1y) 77 
< 0.3 (see Table 5), from which it may Dereune tude? that the 81 kev ooo is 
converted appreciably more strongly (>4 times) than the 77 kev transition. us 
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Table 9 


Theoretical K conversion coefficients for Z = 33 (from Sliv & Band99) 
a ee on Pa Ba 
hy, kev Et E2 E3 E4 M1 M2 M3 M4 

66,5 | 0,26 3,10 35,0 365 07240 360 1 

81 0,12 1,54 15.0 139 0.144 | 4°78 one ore 
96,7 | 0,074 | 0,78 6,80 S70 10,088. loo O38 9,00 | 85,0 
121,2 | 0.037 0,34 2 50 17.5 0,48 0:41 5°30 27.0 
13655 ain 0.27 0. 22 1.60 10.2 0,35 0.28 204 15.4 
199,5 | 0,0093 | 0,056 | 0.29 1,50 0.013 | 0.077 0.42 Des 
265,0 | 0,0038 | 0,019 | 0/087 0.35 0.0063 | 0.034 0.14 0.64 
280,0 | 0,0033 | 0,016 | 0/069 0.29 0.0055 | 01026 0,44 0,47 
304,6 | 0,0025 | 0.012 | 0047 0,18 0.0044 | 0'049 0.079 | 0.32 
401,2 | 0,0014 | 0.0045 | 0045 0,049 | 0,0023 | 0.0084 | 0/028 | 0.095 
572,4 | 0,0006 | 0,0015 | 0.0057 | 0/022 | 0/0013 | 0/005 0.012 | 0.034 


if the 81 kev transition is assumed to be E2, then the assignment for the 77 kev 
transition should be either El or Ml. 

Among the other studies of the transitions in As’5, the one carried out under 
the most favorable conditions is that of Schardt & Welkerl®, However, comparing 
our values for the conversion coefficients with those deduced by Schardt & Welker, 
we note appreciable differences. In determining the K conversion coefficients 
Schardt & Welker utilized the calibrated crystal procedure which is similar to 
the calibrated target technique. The reason for so appreciable a divergence, we 
feel, stems primarily from inaccurate calibration of the crystal. The error may 
be aggravated by overlapping of the lines, uncertainties in taking into account 
the background and electron scattering. 

The multipole order of the 24.6 kev transition can be established from the 
measured K/L ratio: K/L = 4.0 + 0.9. Extrapolating the table of Sliv & Band90 
to obtain Q, and taking a, from Dranitsina's tables9l, we can evaluate 0% / Ch, « In 
view of the low energy of the transition a considerable uncertainty is involved in 
the evaluation. Some check on the extrapolation is furnished by the calculations 
of K/L, carried out by Berestetskii°2 for magnetic radiation in the nonrelativistic 
case; the results of such calculations can differ from the true values by several 
tens of percent. Through such evaluations we obtained the following values of K/L: 
7-8 for Ml transitions, 4-5 for M2, and 1.2-2.4 for M3. The ratios for electric 
transitions are somewhat smaller. Thus we can conclude that the 24.6 kev transi- 


tion is probably of the M2 type. 


5. Analysis of the Decay Scheme 
A. Levels of As 


a) The existence of the following levels in As‘’® has been established on the 


basis of Coulomb excitation and inelastic neutron scattering experiments: 200 + 3, 
281 + 5, 574 + 8, 780 + 4, 814 + 10, 1020 + 10, 1250 + 30 and 1633 + 20 kev. 


showed that there also exist in A 


investigations are given in Table ll. 


yes 75 by the B-y coincidence procedure 
b) Investigation of the B~-spectrum of Ge y 
4 s75 excited states with energies of 199, 265, 477 


and 628 kev. The results of these studies are listed in Table 10. ' 
c) The y-spectrum of Ge75 and y-y coincidences therein have been investigated 


by Schardt & Welker!° and Van den Bold et al25, The pertinent results of these 


It follows from these data that all the y-transitions occur between the 628, 


f As*9, 
477. 265 and 199 kev levels and ground state o 
fe d) The following cascades have been established in experimental studies (Refs. 


10,25,28 & 29) of the y-rays following the decay of Se75:; K x-rays—66, 121, 136, 
’ os 
199, 265, 280, 401; 66—136, 199; 265—-136; 280-121. 


Table 10 


Components of the Ge?5 B-spectrum 
and data on the levels in As75 


(Ref. 10) 

y-rays in{Levels ft 
Eg, kev coincid. |; log 

with ee 
1188-20} Her 0 87 5,2 
975-+20 199 199 0,69 7,0 
919-+20 265 265 Acs 5,6 
784% x 402 | <0.022 | <8,4 
720 ea 477 477 0,26 | 6,9 
553 199, 427, 628 0,48 Gm2 

628 
*Not observed 
Table 11 


Energies and relative intensi- 
ties of y-rays and 7-y coinci- 
dences in the decay of Ge795 


(Refs. 


10 & 25) 


] 
hv, kev* jIntensity |y—Rays,in 
oy of y-trans|coine. 10 


66-5 
124 ia 
136) 
199410 
265-6 
401** 
42748 
47349 
626-48 


1,540.2 


199 


66, 427 
Her 
199 
Her 
Het 


* Mean value from Refs.10 & 25, 
** Not observed. 


+ 0.1) = 
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Lu, Kelly & Wiedenbeck28, who used the 
summing technique in examining the y-ray co- 
incidences, showed that there are no cascades 
with a sum energy exceeding 401 kev. The 
66—199 kev cascade has also been observed in 
the decay of Ge’75, The 401 kev transition 
yields coincidences only with K x-rays, which 
indicates that this level is populated as a 
result of electron capture in Se?’5, The third 
and fourth cascades, the sum of whose energies 
equals 401 kev, indicate that there are two 
close excited levels in As’5 (265 and 280 kev). 
Inasmuch as the 66 kev transition is located 
between the 199 and 265 levels, the existence 
of the second cascade also indicates that the 
136 kev transition must occur between the 265 
and 401 kev levels. Schardt21 showed that the 
delayed coincidences of the 96 and 280 kev 7y- 
rays correspond to an isomeric level half-life 
of 17 millisec. This is the 305 kev level in 
As75 which is populated by 96 kev transitions 
from the higher lying 401 kev level. The iso- 
meric level is de-excited by the strongly con- 
verted 24 kev transition to the 280 level and 
a direct transition to the ground state. These 
inferences regarding the decay scheme are sub- 
stantiated by the following considerations: 

1) The multipole order of the 305 kev 
transition is E3, which is in accord with the 
measured lifetime. 

2) The sums of the transition energies 
agree with the level energies, i.e., (280 +1) + 
+ (24.6 + 0.1) = 304.6 + 1.1 (the measured value 
is 304.5 + 1.3 kev) and (304.5 + 1.3) + (96.6 + 


401.1 + 1.4 (the measured value is 401.2 + 2.0 kev). 


3) With the indicated location of the transitions the intensity balance is 
satisfactory. 
4) The inferred scheme is generally similar to the decay schemes of neighbor- 
ing isotopes. 
5) The 572 kev transition goes to the ground state; the remaining two weak 
transitions can readily be located in the decay scheme: the 77 kev transition be- 
tween the 478 and 401 kev levels and the 81 kev transition between the 280 and 
199 kev levels. 
No other arrangement is consistent with the energy considerations. 
The inferred level and transition scheme is shown in Fig.13. 


B. Characteristics of the ground states of As75, Se75 and Ge75 
Se Ok ae ee ges 


a) The nuclear spin of As’° as determined by various procedures is 3/2. The 


parity is odd (-). 


The other odd isotopes of arsenic (As/’3, as?77 and As79 
s h 
the same spin and parity in the ground state. ee 


Mayer & Jensen53 showed that by 


virtue of pairing of the nucleons, the protons in these nuclei can be grouped in 


the following manner on the shells: 
tions of the magnetic moment of As75 


(fs)? (ps). However, it follows from calcula- 
, carried out by Arima & Horie®4, that the 


=e Lily = 


1250 


1020 
5 75 
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\) 
v 
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Fig.13. Decay scheme for Ge’5--As/’5--se75, [ - transitions observed in the decay 
of Ge’5, II - in excitation of the As7° nucleus and III - in the decay of Se75, 


Table 12 (gs),)? (ps,)> arrangement of the protons on 
Magnetic moment of As?9 according to the shells best explains the anomalous 
the calculations of Arima & Horie?4 value of the magnetic moment of this nu- 


cleus. This will be evident from Table 12. 


Nu— Spin|_roton Yeutron aphe That this configuration is plausible 
cleu SEAGATE A tenif't 8. car XPS" ig indicated by the low location of the 


gy, level in As?5 and neighboring odd nu- 

clei. 

1,44 b) The ground state spin of Se?5 is 
5/2. This is not the value predicted by 
the shell model (according to the nuclear 

shell model the spin should be 9/2) and hence is an exception. Among the configura- 
tions explaining this spin is lge,lé, - We note that in the case of Ge73 the 9/2+ 
spin is correctly predicted by the model, but the first excited pass at 13.5 kev 
has the [genlé,, configuration. 55 The anomalous character of the Se ground state 

is also indicated by the large quadrupole moment, namely, Q= 1.1 + 0.2 barns.13 

c) The 1/2- assignment for the ground state of Ge75 follows from analysis of 
the decay of this nucleus and is correctly predicted by the nuclear shell model - 


P/2 (g»,)*. 


Gave | (a) | 2.2! 
ggA873| 3/2- | (g/,)*(Px,)* | (ey,)* | 1,62 


= ia = 


C. Spins and parities of the 265, 280 and 401 kev levels 


Analysis of the y-y angular correlation data in Refs.10 & 29 substantiates 
the following spin and parity assignments made by Van den Bold et al29: 401 kev 
- 5/2-, 280 kev - 5/2- and 265 kev - 3/2-. 

According to Van den Bold25, the 280 kev transition is a mixture of E2 + Ml; 
the 265 kev transition is also E2 + Ml, but the admixture of E2 is small. This 
inference is substantiated by the values of the conversion coefficients found by 
Bashilov & Il'in#5. The 121, 136 and 401 kev transitions are all El. We utilized 
this fact for converting from our experimental Ix/Ty ratios to conversion coeffi- 
cients. We note, however, that for these three transitions we obtained identical 
values of (Ok) theo/ (Ox) exp on the basis of our measurements, i.e., one need only 
make the El assignment for any one of these transitions to obtain correct results 
for the others. This is not the case if any multipole order other than El is at- 
tributed to one of these transitions. 

According to our conversion coefficients, the 280 kev transition is E2 + Ml. 
That the parity of the 280 kev level is the same as that of the ground state fol- 
lows from Coulomb excitation experiments. We find substantiation of these deduc- 
tions in the decay of Ge75; log ft for the B”-transition to the 401 kev level is 
greater than 8.1, which indicates that this is a unique transition (AI = 2, yes). 
The B -transition to the 265 kev level is an allowed one Glog ft = 5.6), which 
indicates that this level has the same parity as the ground state of Ge75 (1/2-) 
and that AI = O or l. 


D. Intensity balance in the decay of Se75 


Schardt & Welkerl0 measured the intensity of the As75 K x-rays and it follows 
from their data that the direct transition between the ground states of Se75 and 
As‘’5 can occur in less than 20% of the total number of decays. We come to the 

same conclusion on the basis of 


Table 13 evaluation of the intensity of the 
Intensities of transitions in Se7’75 (ex- Auger electron lines (Tables 7 & 
pressed in percent of the total number 13). On the other hand it is ap- 
of decays) parent from the decay scheme (Fig. 


13) and Table 14* that the 401 kev 


Transi-_ Transition intensities : 

Bae ent R~COC*é«sdeveel:«is strongly populated as a re- 
Kies i Schardt 

ek conversion Cur data |Welker sult of electron capture in Se?9, 


This can be the case if the 
parity of the Se75 ground state is 


electrons 


K-X +Auge — 52 408-+-30* 81+12 S a 

See eee, i a = identical with that of the 401 kev 
$6 bag Ante ne ais level, i.e., if we have an allowed 
u ae Serede =0'07 Se 5/2+—»5/2+ transition. This infer- 
96 7) 2,50 5,4 1465 ence is supported by the calcul 
124 Sap 0,80 eae tee log ft eee Takian the ea. 
199 1'36 0,027 1°4 1°8 intensities of the y-transitions to 
ay, ere ae pea 360 the ground state as 100%, let us de- 
305 1°34 0/062 "4 1°2 termine the intensities of the indi- 
(370) <0,026 — <0,03 — vidual transiti < i 
401 11.7 0,014 11,7 460 eg ere One, = ichat ieee 
(475) <0,26 }|<0,04-10-? | <0,3 ee Le ek ee ee 

=O, 4 me *Note added in proof. The 


572 0,095! 0,19-40-3 
ee or es transition intensity and log ft 
values listed in Table 14 are more 
accurate than those shown in Fig. 
13. 


*K-x-ray intensity determined from the 
fluorescence yield. 


li Se — 


Table 14 
Intensity balance and determination of log 
ft values for Se’5 transitions to differ- 
ent levels in As’5 (intensities indicated 
in percent of the number of decays) 


with the decay scheme, we can calcu- 
late the probability of population 
of the As?’95 levels as a result of 
electron capture in Se?5° and calcu- 
late the log ft values for the cor- 
responding transitions. 


(mectron lee ear as as the spin and parity 
Pe eas capture ere of the As ground state and 265 kev 
| Inbensi ty ae level are the same, the values of 
log ft to them should be close. It 
ae abe aeP ee a follows that ~5% of the total number 
nee ae a = Sie of decays of Se75 go to the ground 
280,0 20,4 23.4 2,5 7,9 state of As!5, 
as ate a ge 8,5 Correcting the preliminary 
ia Sa <0'2 <0,2 ae calculations accordingly, we obtain 
ee: — Or OF 8,7 the y-transition intensities and 


*This log ft value is based on attribution of arelae the intensity balance in the decay 
tive intensity of 0.2 for the 77 kev transition. of Se’75 shown in Tables 13 me al 
We note that the values of 
log ft for the transitions to the 
401, 280 and 265 kev levels are consistent with the selection rules following 
from the spin and parity assignments deduced for these levels, respectively: 
mrs 0, no; AI = 0, yes; AI = 1, yes. 


E. Spins and parities of the 199.5, 304.6, 478 and 572.4 kev levels 


a) Inasmuch as the multipole order assignment for the 199 kev transition is 
Ml + E2 and it goes to the ground state (3/2-), the possible assignments for the 
199.5 kev level are 1/2-, 3/2- or 5/2-. The same spin and parity values follow 
from the multipole order of the 66.5 kev transition (Ml) which arrives at this 
. level from the 265 kev (3/2-) level. The most probable spin following from mea- 
surements of the angular correlation of the 66 and 199 kev transitions is 1/2. 
The fact that the 81 kev transition to this level has a multipole order higher 
than Ml points to possible spin values of 1/2 or 7/2. In view of the allowed or 
first forbidden transition to this level in Ge75, we have the possible assignments 
1/2- or 3/2-. The log ft value for the unique transition in Se’5 to this level 
is consistent with spin and parity values of 1/2- or 9/2-. Experiments on Coulomb 
excitation of As’5 indicate odd parity for the 199.5 kev level. From all the 
above data it follows that the spin and parity of the 199.5 kev level must be 1/2-. 
b) The assignment for the 305 kev level is 9.2+. This is substantiated by 
the multipole order (E3) of the transition from this level to the ground state. 
This assignment is also consistent with the multipole order (E2) of the 96.6 kev 
transition and the log ft value of the transition to this level in the decay of 
se75, The 24.6 kev transition is strongly converted and its multipole order is 
M2. This is consistent with the assignments 9/2+ for the 305 kev level and 5/2- 
for the 280 kev level. It may be noted that the transitions from the correspond- 
ing isomeric levels in As73 and As’” are also of the M2 type. 21,23 
c) On the basis of our evaluation of the conversion coefficient, the 77 kev 
transition from the 478 kev level must be either El or Ml (Table 8). From this 
it follows that the possible assignments for the 478 kev level Sule 3/2t, 5/2 or 
7/2+. From the decay of Ge75 there has been observed a P-transition to this level 
with log ft = 6.9. This value must be corrected for the intensity of the 77 kev 
transition, which is not less than that of the 478 ESR AIRED MY SEN The corrected 
value of log ft is therefore 6.5 and hence the B-transition may be either a for- 


- 174 - 


bidden or an allowed one. In the latter case, the alternative assignments are 
1/2- or 3/2-. The transition from the Se’5 ground state to this level has a log 
ft value of 8.2-8.6, i.e., the B-transition is either a first forbidden or a 
unique one. Hence we have the assignments: 1/2-, 3/2-, 5/2-, 7/2- or 9/2-. Com- 
paring the above data, we arrive at the conclusion that the spin and parity of 
this level are presumably 3/2-. True, this level was not detected in Q-excita- 
tion of As75. The reason for this may be superposition of the 478 kev photopeak 
on the Compton recoil peak from the 572 kev y-rays.15,16 

d) The 572 kev level is depopulated only by a direct transition to the ground 
state. The conversion coefficient of this transition corresponds to E2 + Ml, Ml 
or E2 radiation. Accordingly, the possible spins of this level are 1/2-, 3/2-, 
5/2- or 7/2-. The odd parity of this state also follows from the fact that it 
was detected in Coulomb excitation. The absence of 572 kev y-rays in the decay 
of Ge’5 indicates that there is a great difference between the spins of the 572 
kev level in As?5 and the ground state of Ge’5, The log ft value of the B-trans- 
ition to this level in the decay of Se’® is 8.7, 1i.e., differs 1ittle frometne 
log ft value for the first forbidden transition to the 477 kev level. From the 
above facts we infer that the spin of the 572 kev level is probably 5/2-. 


F. Similarities with neighboring nuclei 


We note that the low lying levels of the odd isotopes of arsenic (71, 73, 75, 
77 & 79) exhibit certain attributes in common (Table 15). 


Table 15 
Characteristics of the low lying levels of odd As isotopes (Refs.21 & 33) 


Level energies, kev | Spin & parities 


Nuc— eoound Lifetime 
leus Soin 2 gould { | 2 3 4 Gee ay 
srt" 5 o> ge) Meo | Sele ole eae = 

As? Sii2m 65 425 — — |} 5/25 | 92" — — 6-40-6 
Asi By) 5 199 265 280. hO0S ii 2= ot eet ee Oa 47-10-8 
As??? aya 215 265 SITS? O25) AZo 57 Sate Oe ? 41,%6-410-4 
As? 3/2- — i] Se Sha) Sool eee lee a ae as “i 


It will be seen from the table that all the odd arsenic isotopes except As@1 
have a nuclear spin of 3/2-. In both As73 and As77 there is a g,, level with a 
close excitation energy. In contrast to the others, however, As75 is character- 
ized by a large number of low lying excited states: in it there are three levels 
with energies of 401, 477 and 572 kev between the 305 and 628 kev levels. 


G. Partial lifetimes of the 401 kev level with respect to the 
96, 121, 136 and 401 kev y-transitions 


The 401 kev level is de-excited by four transitions of pure multipolarity 
The relative lifetimes Ty»e/T ts (T e is the experimental lifetime; T ~~ 
the theoretical single parties lifetime) of these transitions can be yeineren 
from their measured relative intensities and the estmated mean life of the 401 
kev state: 3-1079 sec >t > 10710 sec (Ref. 24). 
In column 5 of Table 16 we list values proportional to the lifetimes where- 
in the unit is the lifetime of the level with respect to the 96 kev ereneaeieen 
If we calculate Ty ,ts for these transitions according to Weisskopf (see column 3) 
we obtain a value of 0.17-107© sec for the 96 kev transition, assuming it to be 
E2. On the basis of Metzger's data24 let us take the lifetime of the 401 kev 
state to be 5-10-10 sec. Then we obtain the partial lifetimes indicated in column 
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: Table 16 
Calculation of the relative lifetimes Ty,e/Ty +, for the four transitions 
b 


from the 401 kev Tevet 


96 E2 0,17-10-7 0,30 1 1,4-10-8 8-40-2 
424 E14 0,42-40-18 | 0'074 0,25 "3-40-98 7-108 
136 E14 0,30-10-18 | 0024 0,07 10-9 3-404 
404 E4 0,12-10-14 0,083 0,28 Onan 3-108 


*According to Weisskopf 


6. The corresponding lifetime ratios are listed in column 7. These ratios show 
that the El transitions are strongly retarded. The experimental lifetimes of E2 
type y-transitions in odd nuclei average close to 0.08 of T ts With minor fluctu- 
ations to either side of this value.55 This is precisely the value we obtain in 
our case for the 96 kev transition. 

The ratio Ty, e/T ,ts for the 305 kev (E3) transition is 3, whereas for medium 
nuclei it is, as a rule, close to 500 (Ref.55). 


H. Configurational levels of As75 
Table 17 
Two possible schemes for interpreting the structure of the As?7> levels 
(N and P denote the neutron and proton configurations in 
the ground state of Se’5 and As/9 


ax) 4 5edt Si (ground state). As’ (199 kew) 
N —(fs/,)*[8»/,]°5), N os (fs/,)°(Prj,)°(8»),)” F | 
(8»/,)" Pxj_( Ps) 
P— (Pey,)*(Be/,)” Pi (80),)(Pay,)® 
= (fs; Sig, 1 on N— (fs/,)° (Pry )*(8»),)” 
- has , Pry, (fs),)°(Po/,)° 
P— (p,)*(foj)” P —(fu,)(Ps,)° 
N As™ (265 keV) As’ (280 kev) Ag’ (305 key) As7® (401 kev) 


Sa ee 

1 | [Ps/,(82/,)"]s),(P2y_)” (8»/,.)*fs,(Ps,)” | (8:/,)°(Pay,)” [807.]%5/,(Psy,)” 

Km  — — = ry eee 
| [8»,,(f6/.)°]s),(Po/_)” 


| 
- fs, J°s/,(Ps/4)” | (fs/,)°(Psy.)” | Boj,(fs,)°(Pay,) 


One can attempt to characterize the levels of As’° in the framework of the 
Inasmuch as there are two alternative interpretations of 


s75, namely, (gs,)"(py,)* and (f+)? (py,)*, one p 
an 


single particle model. 
the structure of the ground state of A 
can advance the two schemes shown in Table 17 for the excited states of As 
the ground state of Se79. 
3 ee will be seen that in both schemes the 199, 280 and 305 kev levels ares 
designated as single particle ones, while the 265 and 401 kev levels are confi- 
gurational ones. Both schemes qualitatively explain the retardation of the El 
transitions of energies 121, 136 and 401, inasmuch as these transitions involve 
breakdown of the proton configuration and transition of the nucleons to another 


- 176 - 


subshell, whereas the E2 transition of 96 kev energy is connected only with dis- 
integration of the configuration. This interpretation is admittedly tentative 
and may have to be modified in the light of new ideas, such as those advanced by 
Jensen, 34 

We desire to express our deep gratitude to B.S.Dzhelepov for invaluable aid 
in acquiring the stable selenium enriched with Se74. We take this opportunity to 
thank N.D.Novosil'tseva, V.Zvol'skaya, V.Mikhailov, V.Sergeev & S.Sakharov for 
their assistance in the work. 
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INVESTIGATION OF THE GAMMA-SPECTRUM OF sel IN THE 200 TO 900 kev REGION 
- N.A.Voinova, B.S.Dzhelepov & N.N. Zhukovskii 
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Fig.1. Experimental y-spectra of Se’5; 1) 
curve obtained on the Ritron with a 6.15 
mg/cm2 cellophane target, 2) curve obtained 


on the Elotron with a 2.34 mg/cm? poly- 
styrene target, 3) background. 
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Fig.2. Resolution of the Se/95 Y-spectrum into 
components: a) curve obtained on the Elotron; 
b, c & d) curves obtained on the Ritron: b & c: 
- 100 to 900 kev interval, d - remainder after 
subtraction of the high energy side of the 402 


We investigated the y-radiation 
of Se’° in the region from 200 to 
900 kev by means of magnetic spectro- 
meters utilizing recoil electrons, 
namely, the Ritron and the Elotron. 

The source was a neutron irradi- 
ated sample of metallic selenium 
weighing ~13 g. The source was con- 
tained in a glass tube with an in- 
side diameter of 15 mm. At the be- 
ginning of measurements the activity 
of the source was 0.8 Curie. 

Fig.l shows the experimental 
curves. Curve 1 was obtained on the 
Ritron with a o = 6.15 mg/cm? cello- 
phane target (the high energy part 
of the spectrum is shown to a larger 
scale in the insert at the right); 
curve 2 was obtained on the Elotron 
with a 0 = 2.34 mg/cm? polystyrene 
target. 

Fig.2 shows the resolution of 
the experimental spectrum (background 
subtracted) into individual compo- 
nents on the basis of the ap- 
paratus line shape. Curve a, 
obtained on the Elotron, is re- 
solved into five components 
having energies of 207, 259, 278, 
305 and 402 kev. Inasmuch as 
the effective transmission fact- 
or of the Ritron is almost an 
order of magnitude greater than 
that of the Elotron, the high 
energy part of the spectrum was 
investigated more thoroughly on 
the Ritron. Curve d shows the 
remainder after subtraction of 
the high energy side of the 402 
kev y-line; this remainder can 
be resolved into two lines of 
475 and 570 kev energy. 

Thus we detected seven y- 
lines with energies of 207, 259, 
278, 305, 402, 475 and 570 kev 
in the region from 200 to 900 


kev 7y-line. Background subtracted throughout. kev. The first five lines have 


been observed repeatedly by 


other Pee SREONS: the 475 kev y-line has hitherto been observed only in the 
y-spectrum of Ge’5 (Refs.1 & 2); the 570 kev y-line was detected independently 
by Grigor'ev et al3 and Langevin-Joliot & Langevin‘. 


a LOE 


Table 


Energies and relative intensities of the y-lines of Se75 


fe Ref.4 |v, | Relative 
kev : . 
intensity 
1 ‘ 
4 Ue) — ~12 13-1 Pr pel 14 ~207 29 
2 265,0 500 403+40 | 357+25 | 450-450 393 259 440530 
3 280 ,0 ~36 1844-16 | 185418 | 184441 186 278 | 1944-14 
4 304 ,6 — 8,4-+0,2 — aed 7 305 | 14-+5 
sy) 401 ,2 100 100 100 100 100 402 100 
6 475 _— _— — <0),2 _- 475 | 0,5-+40,3 
u 972,4 — — 10-8 0,9--0,3 | 0;3 570 | 0,3-40,2 


Measurement procedures: Ref.l - lens & scintillation spectrometer; Ref.2 - 
scintillation spectrometer, Ref.3 - magnetic spectrometer, photoelectrons; Ref.4 
- scintillation spectrometer, conversion coefficient taken into account; Ref.5 - 
lens spectrometer, photoelectrons. 

a 


It must be noted that in both cases (i.e., on both the Elotron and Ritron) 
the experimental curve in the 402 kev region was somewhat wider than the appara- 
tus width for a line of this energy. This may be connected with the presence of 
a ~380 kev line in the y-spectrum of Se’9, at present, however, we cannot be 
certain that such a line exists. 

Our data together with the data of other investigators on the energies and 
relative intensities of the Se?5 y-lines are listed in the accompanying table. 

We acknowledge our indebtedness to Yu.V.Khol'nov & V.P.Prikhodtseva for 
permission to use the Ritron. 


"V.G.Khlopin" Radium Institute 
_ Academy of Sciences of the USSR 
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Yb166_s7m166—+Erl66 DECAY SERIES 
~ E.P.Grigor'ev, B.S.Dzhelepov & A.V. Zolotavin 


; i i 66 EC 166 EC 166 
In previous investigations of the decays in the yb eae aa et 


chaini-3, interpretation of the spectra was hampered by the fact that the energy 
of the most intense transition in Tml66 (81 kev) is close to the energy of the 
most intense transition in Eri66 (79.4 kev). 

In order to distinguish between these transitions and evaluate their relative 
intensities we investigated the associated conversion electron spectra on a B- 
spectrometer with double focusing and an apparatus half-width of 0.3%. 


N 
20 Kim Mer 2.0 


Lm en tl lythg) 
hae ILE | aS 


900 


Conversion lines of the 81.0 kev transition in Tml166 and the 79.4 kev 
transition in Er!66, gource: ybl®® and Tml6® in equilibrium. 


We measured both the spectrum of Yb166 in equilibrium with the daughter Tm166 
(figure) and the spectrum of Yb166 immediately after separation. In the latter 
case the amount of Tm!66 in the mixture was determined from the growth curve. 

The resolution of the instrument is sufficiently high for partial separation of 
the Ly + Lyyz, Lyyyz, M and N lines of the respective transitions in Tml66 and Er!66, 
The line energies are listed in Table l. 

The relative intensities of the conversion lines of Tm!66 4 frl66 jin equili- 
brium and, for purposes of comparison, the results obtained in the work of Ref.3 
are listed in Table 2. It will be seen that the listed experimental intensities 
differ appreciably. 

By observing the build-up of the lines corresponding to the transition in 
Erl66 | during the period immediately following separation of a pure ytterbium 
fraction, we were able to determine the line intensities separately for each of 
the two isotopes. These results are given in Table 3. 


Discussion of Results 
1. Multipolarity of the 79.4 kev transition in the even-even Erl66 nucleus 
e 
The experimental ratio K: (Ly + Lyp :Lyyzy = (110 + 30):100: (103 + 25) is in 


good agreement with the theoretical ratio for an E2 transition, namely, 80:100: 93. 
Inasmuch as even-even deformed nuclei in this region commonly have a first excited 
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Table 1 
Energies of the conversion lines as- 


sociated with the 81.0 kev transition 
in Tml166 and the 79.4 kev transition 


in Erl66 
eee ee ee Se 
Sciont et E me h Mean 
Isotope] Line p e “bind | energy 
seus sevtall secrete 5 es a 
Tmiee | K 501 | 24,6 | 59,5 |84,4 
Pree 2980) 74,.27101916.0|:80.8 
Ly, | 938 | 72,25} 8,65 |80,9| |84,0-L0,2 
M, 983 | 78,9 | 2,3 |81,2 
N 993 | 80,4 | 0,5 |80,9 
Erie | x 505.) 21,9.1.57,5: |.29,4 
ieee (Oil 9.8 79,5 
Lyyy | 934 | 71,2 | 8,4 | 79,6) )79,4-b0,2 
Mei cic #14) 4.8 179.2 
983 | 78,9 | 0,4 |79,3 


Table 2 
Relative intensities of the conversion 
lines associated with the 81.0 kev and 
79,4 kev transitions in Tml66 and Er1l66 
in equilibrium 


Our ea) 
Lines aay 4 
ata ie 
Kat Er 140 | 68 
(Lj+ Lit)pr 42 
Ly pr thytLyyp)py [87 00 100 
Litt tm 0,41 
My, 19,8 
Nyt My, sf 29] 22 
Nop 1,0 


level with spin 2+, the above result sub- 
stantiates the accuracy of our experi- 
mental data. 


2. Multipolarity of the 81.0 kev 
transition in the odd-odd Tm nucleus 


Comparison of the experimental K: 
: (Ly + SLUT TD ratio with the theoreti- 
cal one for Tm!66 (Table 4) shows unam- 
biguously that the multipole order of the 
81.0 kev transition in Tml66 is Ml. Any 
Significant admixture of E2 would sub- 
stantially increase the relative intensi- 
ty of the Lyyy line. 

This deduction is substantiated by 
the intensity ratio of the 79.4 kev and 


Table 3 
Relative intensities of the conversion 
lines associated with the 81.0 kev 
transition in Tml166 and the 79.4 kev 
transition in Erl66 


Iransdaven icemeuete 
Line in Tm166 jin uri66 


K | 630-4200 | 340-4400 
(based Bee 400 280 
ideo 4,4+0,2 | 290-+-70 
M 14412 430-20 
N 5,44+0,8 | 464412 
Table 4 


Conversion coefficients for Z = 69 and Ey = 81 kev 
nn ene 


Multipole| x Ly Ly 


Kee (Ly + Lyy) u LyIT 


LyII 


theoretical experimental 


0,048} 0,0455| 0,018 | 780: 100: 28 
is ay 0,151] 2,0 2,4 790 : 100 : 98 
B3 4°44] 4,28 |74 71 1,95: 100: 99 | (394.900) : 100: (4, 4:40,2) 
M1 4’0 | 0/67 | 0,063 | 0,0094) 550: 100: 1,2 
m2 | 45° | 41 4:26 | 3,0 370 : 100 : 24 
m3 (|173 (126 « |14,6 [170 423 : 100 : 120 


6 ° s a 
81.0 kev y-rays in the spectra of Erl66 and Tml66, which for the isotopes in 


equilibrium equals 0.8.1 Assuming for E 


rl66 that ax = 1.8 for an E2 transition, 


we find that for Tml66 the conversion coefficient equals 


Ktm _ (Kom) ,( 7Er\. = 
ae (aE) ( 3) (OK) ex 


an Ml transition is 4.0. 


The theoretical value for 


630 


-0.8%1,0 =io 2 
BIO 


=1S25— 


3. Intensities of the transitions in Tm166 and Erl66 


From the above results we can determine the intensity ratio of the transi- 
tions in Tml66 and Erl66, i.e., 


Y+K +L + M+ Nt _ 9.75 + 0.30. 
(y+K+L+M+N)er 


The difference between the intensities of the transitions in Tm166 and Er166 
may be explained by the existence of y-transitions from high lying levels in Tm166 
to the ground state. 

A tentative scheme for the transitions in the Yb166—>Tm166-—sErl66 radioactive 
series will be found in Refs.4. 

The authors acknowledge their indebtedness to the personnel of the Joint 
Institute for Nuclear Research and the Radium Institute of the Academy of Sciences 
for making available the radioactive source and desire to thank O.V.Larionov and 
M.K.Nikitin of Leningrad State University for separation of the ytterbium and 
thulium fractions and L.K.Peker for valuable discussions. 


Scientific Research Physical Institute, 
"A,A.Zhdanov’’ Leningrad State University 
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RADIATION FROM Tb160 
~- E.P.Grigor'ev, A.V.Zolotavin & B.Kratsik 


In the present work we investigated the B°-spectrum and the internal and ex- 
ternal conversion electron spectra associated with the decay of Tb160, since the 
publication of the preliminary experimental data on the radiation of Tbl160 (Refs. 

1 & 2), we carried out additional measurements of the B-spectrum using thin sources 
and further investigated some of the transitions between the levels of Dyl60, The 


results of these studies make possible a more comprehensive picture of the decay 
of terbium 160. 


1. B”--Spectrum 


The sources were prepared of pure (99.99%) Tbo903 irradiated in a reactor. 
The B-spectrum measurements were carried out on the nV2 B-spectrometer described 
in Ref.3. The B-spectrum 
in the region to 250 kev 
was investigated with a 
source having a mean densi- 
ty of 0.03 mg/cm2, electro- 
lytically deposited on an 
aluminum backing with a 
superficial density of 0.27 
mg/em2; the spectrum in the 
200 to 600 kev interval was 
investigated with a source 
having a superficial densi- 
ty of 0.3 mg/cm2; the data 
on the spectrum in the re- 
gion above 600 kev were ob- 
tained with 1 mg/cm? (to 
900 kev) and 4-5 mg/cm2 


500 7000 1500 2000 sources. 
E, key After the usual reduc- 
Fig.l. Kurie plots for the B-spectrum components on tion, the experimental spec- 
the assumption that the 1710 and 859 kev end-point tra were joined in the 50- 
energy components have the unique shape. Scale of 100 kev overlap region, 
the 1710 component increased 10 times compared to where the distorting influ- 
the others. ence of source thickness is 


negligible. Then the spec- 
trum was analyzed by the Kurie-Richardson-Paxton procedure on the assumption that 
all the components have the allowed shape. The results of this analysis are shown 
in Table 1 together with the data of other authors, also obtained under the same 
assumption regarding the shape of the components. . 

It will be evident that the observed B-transitions go to levels in Dy16 hav- 
ing energies of 1565, 1358, 1264, 966 and 86.5 kev (see pecay scheme in Fig.5). 
Analysis of the spectrum failed to bring out components going to the pee 1049 
kev levels in Dy160 and to the 1156 kev level known from the decay of Ho (Refs. 
a Fis we noted earlier?, in accord with the work of Peker®, it must be assumed 
that the spin and parity of the Tb160 nucleus is 4-; in aie case the B-transitions 
with end-point energies 859 and 1710 kev must be unique inasmuch as the assignments 


for the 86.5 and 966 kev levels are 2+ (Ref.2). 
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Table 1 
Composition of the B-spectrum of Tb160 
according to the data of different investigators 
(spectrum resolved into components on the assumption that all the components 
have the Fermi (allowed) shape) 


Burson et al (Ref.6) | Shavtvalov (Ref.7) Keshishian et al® | 


No. ==. =. Se | eee a 
&, kev I, % B, kev ia Kev | te | 
Ai 280-+-40 Te 
2 396-10 16 461+-20 
3 eva 41 540 60 o07 15 32 
4 860-+-10 43 850 40 851-410 30 
5 4360 weak 
ini Clark et al Nathan et al 
ee ieee (Ref, 10) (Ref. 11) Our data 
No. ri 
E, kev HEP Z, kev I; % 5, kev 


1 250+30 12 
2 367+12 ilg5,,8) 455-20 22 460-20 18 
3 964+6,5 01,9 960+15 o9-+7 979+10 42 565-+10 39 
4 861+1,8 34,8 860-15 39-+-7 870-+10 36 858-+-10 31 
sy) 1744+-7 0,3 ~1700 2 1765-30 0,4 1710+30 0,4 
Table 2 Hence we reanalyzed the B-spectrum on the as- 


Composition of the B-spectrum sumption that the 1710 and 859 kev components have 

of Tbl60 (resolution on the the unique shape. The results of this resolution 

assumption that the 1710 and are given in Table 2; the Kurie plots for this vari- 

859 end point energy compo- ant are shown in Fig.1. 

nents have the unique shape) Actually, it is not essential to know the shape 
of the high energy component for determining the 


a | “ep? ie lies et composition of the B-spectrum in view of the low 
kev intensity of this component. 
The assumption that the E., = 859 kev component 
4 265-30 12 Ue has the unique shape brings out an additional com- 
4 a a on ponent with end-point energy 765 kev, going to the 
4 765415 | 14 94 1049 kev level. In the given resolution variant, 
3 Aine “Ok 18 this component is brought out fairly clearly, but 


owing to the fact that the 859 kev end-point energy 
component is now defined only in a 100 kev interval, 
which in addition contains the K- and L-876 conversion lines, there may be an 
appreciable uncertainty as regards the relative intensities of these two compon- 
ents. The end-point energies and relative intensities of the other, softer com- 
ponents agree within the limits of the measurement error in both the above men- 
tioned resolution variants. In addition to the end-point energies and relative 
intensities, the calculated log ft values for the components are listed in Table 2. 


2. Conversion Electron Spectrum 


The conversion electron spectrum was investigated with the same sources as 
the B-spectrum. In addition to the earlier results! , we obtained the L-line of 
the 289 kev transition and more accurate energy and relative intensity values for 
the other lines. 

In the work of Ref.1 we determined the K/L ratio for the 1273 kev transition 
as 1.7. The low value of this ratio suggests that the K-line of some higher energy 


- 
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; Table 3 
Our experimental results for the conversion electron spectrum of Tb160 
Electron ; ; 
No. ae Interpre-} jy, kev eee te K/L 
kev tation conversion 
ee lee ee lines (44 |] wel a 
4 32,7-40,5 K 86,5-40,5 4400-+800 
2 78,64+1.4 7 86,414 8880-4500 
3 85 3-14 M+N 866-41" 23704190 eyes 
4 144.1411 K 4979-4 222-10 os 
5 160-2 K 244-42 37-4 
6 189,91 L 197,744 61-5 3, 65-L0,5 
7 244,14 K 297,94 400-55 
g | 289'241.5 ib 298344 5 1544 Ee 
9 825,241 K 879, 0-4 30, 5-0,5 
10 8696-11 fi 878,71 494015 6,2++0,7 
{1 878-2 M 879-2 1,440.2 
42 907 ,0--1 K 960,81 8 6--2* = 
43 910,244 K 964°0-F4 18/2-2% 
14 | 963.442 Tee 961-4964 53:0, 4%* \ etal! 
15 1058-42 K 1412-42 07-00 = 
16 1124-2 K 1178-42 32-0, = 
47 4147-12 K 1201-+2 0,56-L0,07 
18 4170-42 i 117912 0,53-40,07 6,044 ,5 
19 121942 K 1273-42 4,340, 4 = 
20 1260-2 K 131412 0,53-40,1*** 
24 126443 L 127343 0,17-£0,03*** 7,78 


* Lines not fully resolved; their integral intensity is 26.8 t 0.5, 
** Complex line consisting of four components: L-9%1, M-961, L-964 & M_964, 


’ 


*xxx Lines not resolved; integral intensity - 0.7  O.1. The relative inten— 
sity of the L-1273 line was evaluated on the basis of the K/L ratio (7.7) 
for E1 radiation. 


transition is superposed 

on the L-1273 line. In 

the photoelectron spectrum 
(see section 3) we detected 
a line of 1314 kev energy. 
It may safely be assumed 
that this is the transition 
giving rise to the K-line 
that is superimposed on 

the L-line of the 1273 kev 
transition. The statisti- 


NO 


800 


400 


1260 E, kev 
Se Ae aed th cal accuracy and the reso- 
-Fig.2. The K-1273, K-1314 and L-1273 lines in the lution of the instrument 
conversion spectrum of Tb160 in investigating this part 


of the spectrum were in- 


- adequate for reliable resolution of the combined K-1314 + L-1273 line into com- 


ponents solely on the basis of the experimental data. Hence the intensity of the 


-L-1273 line was determined on the basis of the theoretical K/L ratio, namely, 7.7 
for the given energy, and El type radiation (see Table 7). The intensity of the 


K-1314 line was then determined as the difference between the intensity of the ex- 


perimental K-1314 + L-1273 line and the calculated L-1273 line intensity. 


The section of the conversion spectrum containing the K-1273, L-1273 and 


_K-1314 lines is shown in Fig.2. 


listed in Table 3; the data of other au 


i trum of Tb160 are 
1 results on the internal conversion electron spec 
ena thors have been collected in Table 4. In 
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Table 4 


Comparative experimental data on the internal conversion lines of Tb160 


Photographic R—spectrometry 
recording 
Re f. Clark et al] Nathan 
12 el Ref. 10 Ref. 11 Our data 
NOs | 1955 | (1954) (1957) (1957) 

E E E dE 
4| — — 64 = = — — — _ _ 
2 | 86,5| 86,3-+0,3/86,2]} 87,3-+0,1 |86,7] 67,2 87 16,4 |86,5-++0,5} 13,0 
3 | 93,0] 93,4£0,5| 93 — = = = = — — 
4| = = 156 = = = a os — — 
5 1176,2 = = = = = os = — — 
Gu =e 181 = = — = = Ss = 
7 |196,5 |196,14-+0,5] 196] 199,4+1,0 | 197] 2,44 | 196 0,90 |197,8+4 | 0,66 
8 | 214,81214 8+0,6) 214 a 246| 0,46 | 246 0,14 21442 | 0,14 
9) — = 234 = = = = = = — 
40| — a 274 = = = =. = Se = 
41 | 281,9 = 282 _ = = = = =s = 
42 | 297,9|297,6-+0,8] 297] 300,2+0,8 | 293} 1,15 | 298 | 0,42 | 29844,2] 0,29 
43 | 375 = _ = = = a: = = aS 
44 | — |391,3+2,0]} 391 393 — a 395 | <0,02 os = 
45 | 440,3 = 414 = = = aa ass = = 
Wey hc = 466 = = _ = = = — 
47| — = 569 _ os a, = = ces ee 
4is| — = 679 = = _ a = = a 
49| — 759+3 | 762 a zs = = == a = 
20! — = 856 = = as: bead = = = 
21 |875,5| 873-4 | 876] 891,8+2,2] 880] 0,34 | 876 0,14 879-+4 | 0,09 
ye | — 915 = = fae a ae Ee iat 
DE ee. — — as = = ee } 0.19 | 9642b4 [0,025 
24 |961,8| 960+4 | 962] 971,240,2| 966] 0,30 |f+964 , 9641 |0,054 
25) — = 976 = = pee me ae ey es 
260 oS 1034 4040 — ae = a = sed 
a = 1110 = me = = = 11142+2 |0,002 
28 | — | 147448 | 1173 |1184,54+2,6 | 1179] 3,4-10-2| 1180 | 0,042 | 1178-42 |0,0094 
200 a = 1196 — — ~ — — 12012 |0,0016 
SO | = 3 1250 ae = = a = ay oe 
34} — | 126548 | 1266 /1280,84+2 | 1273] 41,7-40-2] 1270 | 0,004 | 1273+42 10,0038 
32 | ce <a iat = = = — 1344+2 |0,0046 
33) = 1447 = = = = za ts + 


Notes: _— - transition energy (kev), determined mainly from conversion 
on the K shell; I -— intensity of K conversion lines (number of electrons 
per 100 disintegrations); Irel - relative intensity of conversion lines. 
The lines are numbered in order of increasing transition energy. 


evaluating the relative line intensities we introduced appropriate corrections 
connected with determination of the intensities of the conversion lines of the 
86.5 kev transition. The intensities of all the observed conversion lines fell 
off with a period consistent with the half-life of Tbl60, 


3. ¥y-Ray Spectrum 


The relative intensities of the y-rays were investigated with a photoelectron 
source having cylindrical symmetry. The source was a 36 mm long, 0.3 mm diameter 
copper tube filled with terbium oxide,Tb903,0f high specific activity. The thick- 
ness of the tube walls was 0.45 mn. By way of radiators we used Ag, Au, Bi and 
Th foils. In addition to the lines described in Ref.1, we measured the photolines 
and determined the relative intensities of the 215 and 1112 kev transitions (3.6 


mg/cem2 Au target) and the newly detected 1314 kev transition (25 mg/cm? Au target). 


= Sie = 


0 a Se eee 
4800 5000 5200 5400 5600 Hp, Gs:c4 


Fig.3. K-112, K-1179, K-1314 and L-1273 photolines recorded with a 25 mg/cm Au 
The 1120 to 1200 kev section of the spectrum was not investigated with 


target. 
this target. 


pans 4-878 


500 


W120! 1-79 


5000 $250 5500 
Ap.G5°¢M 


7.7 mg/cm? Au radiator. 


2750 4000 4250 4500 4750 


Fig.4. Photoelectron spectrum obtained with the 
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Table 5 
Averaged results of measurements of the photoelectron spectrum of Tb160 
with Ag, Au, Bi and Th targets 


K/L_photoline 


Interpre- Relative 


fe = ratio 
No. hv, kev tation ie icicney fa target) 
4 86,2+0,3 K * 
9 86,8-0,3 fies. Pit “11 __» 640,5** 
3 86,6-40,3 gee * ey 
4 496,8-+4 K 47+4 
5 215,41 K 1543 
6 297 ,8+4 K 100-20 \ 5,6+1,0 
7 29543 ie 
8 878-44 K 125-420 5,744,0 
9 878-43 L Le 
40 967-44 K 162+30 5,9+4,0 
44 966-2 ie 
12 985-47 K 2,52,95 
13 4070-7 K 444 
44 41122 K 8,542 
45 4179-2 K TAA15 \ 5,444,4 
16 117943 L+M 
47 1201-42 K 40-2 
48 4273-42 K 398 — 
49 4273-43 L 
20 131442 K 4243 


*The relative intensities of these transitions are not given owing to 
strong absorption of the Y-rays in the source itself and the walls of the 
copper container tube. ae. : 2 

*Bi target with a superficial density of 0.65 mg/cm*. 

***Double line as evinced by its width (se¢ Bef. 1); the evaluated compo— 
nent intensity ratio is Ty_966:1y_961 ey gee ef ge 


In the course of careful investigation of the 900 to 1000 kev region of the spec- 
trum using a 7.7 mg/cm2 Au radiator, we detected very weak lines which may be due 
to photoelectrons from y-rays of 985 and 1070 kev energy. The corresponding spec- 
tra are shown in Figs.3 & 4. These lines are so weak, however, that only the up- 
per bounds for their intensities can be indicated (Table 5). For the same reason 
their energies could only be evaluated with an uncertainty of +7 kev. 

Keshishian et al® observed a 976 kev transition (Table 6) and located it be- 
tween the levels at 1259 and 282 kev in the decay scheme. Probably this line is 
identical with that of ~985 kev energy observed in our experiments. The differ- 
ence between the cited energies may be explained by the fact that Keshishian's 
energy scale is shifted some 4-6 kev to the low energy side relative to ours and 
by the rather appreciable uncertainty in determining the energy of this line in 
our measurements. The existence of a line of ~1070 kev energy is substantiated 
by the y-y coincidence measurements of Nathan! and Ofer!5. This transition fits 
well into the decay scheme. 

It must be noted that the 1314 kev transition was not observed in any earlier 
investigation§-13,15-17 of the decay of Tbl60 and does not readily fit into the 
commonly proposed decay scheme. Hence, it is natural to ask whether these y-rays 
cannot be due to some impurities in the source. This is very doubtful. For one 
thing our Tb903 was very pure and no other lines attributable to impurities were 
observed. We determined the period of this line by comparing the decrease in its 
intensity with the rate of decay of the close K-1179 line. From the measurements 
we concluded that its period lies within the range from 65 to 110 days. Among 
the rare earth nuclides there are no known isotopes with periods in the 65 to 110 


day range emitting y-rays of approximately this energy.18 Thus it may safely be 
asserted that the 1314 kev line belongs to Tb160, 


loge 


: “ar Table 6 
Composition of the y-spectrum of TphL60 according to different authors (energies 


in kev; intensities reduced to equal units, ¥ for the 878 kev transition being 
) 


taken as 10 
es |G 
Epa ra | 
Pp nies e— : ° . 
tection Scintillation Y-spectrometer SSE 
Ref. | Ref, Re f. 
bs : ia | Refe17| Ref.10| Ref.11 Ref.15 | Cur data 
hy hy hy I 
. 
Te SS a ee eee ae el eee een ee 
as sl, be 
,3| 86,2} 88,8} —| 86] 87| 35 zs 
mee 86, 45| 87| 34 88| 36 | 86,4 
156 
196-4| 196 
,4| 196 | 199,4] 8,0 497| 44 200 |(44)) .,|496,8| 44 
215,2) 214 | 218,7) 7,6 \ 206 195}15 { 216| 44 \ 205 25 220 tio} 24 215,4| 42 
274 
282 
297.5 297 304 642 298 | 290] 44 | 299| 88 | 300 | 94 300] 42 |297,8| 80 
2s aa lee | 410 3951 7,6 | 400] (2) 
466 
569 
679 682| (2) 
762 762| 3 
856 
876,3 876 879 |100 | 873 | 8901400 | s80l100 | 875 | 100 | 882] 400 | 878 |100 


961 ,6| 962 | 956,3/364 | 960 | 960/100 | 966/117 |960+| 106 | 962| 5 {9624130 
ee +964!(36+70)| 970] 90 |+966 


976 985 | 2,0 
1034 4070 | 3,0 
4440 4082 5 |4412 | 6,8 
4173 |4179,4| 5,4/1480 [4180] 74 |4479} 54 141180 48 14182] 48 14179 | 57 
1196 1201 | 8 
1250 
4266 [1265 | 3,0 4270| 32 |1273] 28 |4270 23 |1282) 22 |4273 | 34 
— 4314] 9,6 
1447 == 


Our data on the y-spectrum of Tb160 are listed in Table 5 together with the 
K/L ratios for a number of transitions and the (Ly + Lyy)/Lyzz ratio for the 86.5 
kev transition as observed with a bismuth target. These experimental ratios are 
of interest for comparison with the calculated ratios. The data on the y-spectrumn 
of Tbl60 obtained by other authors have been assembled in Table 6. The relative 
intensities of the stronger y-transitions are evaluated in Refs.9-11, 15 & 17. If 
we exclude from consideration the results of Bertolini et al9, we find generally 
good agreement and note that our data are close to the average values. 


4. Multipole Order Assignments 


We determined the K conversion coefficients of all the observed transitions 
on the basis of the measured numbers of conversion erect rons per disintegration 
and the relative y-ray intensities, assuming that the 197 kev uPA ES is E2 
(this is a 44+~—2+ transition between the levels of a rotational band“). For some 


transitions we were also abl> to determine the Ok/O_, ratio. 
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Table 7 
Comparison of the experimental (present work) and theoreticall4,19 conversion co- 
efficients (the figures in () indicate the power of 10 by which the indicated Q, 
should be multiplied) 


= 3,8 (—41) | 41,55 (0) | 3,4 (0) |0,50+0,15] 6,2 | 0,62] 6,8 | £2 
gist <= ae rey ; 4 60,510 6,05)2,05 [oe.0 E2 
215°4 |3,2+4 (—2)| 3,4 (—2)| 4,2 (—4)12,4 (— = st al rs = 
297.3 pete 15 49 (21,0: (ao1) 6g 7s 2, Oats 0 ios? ele, Oumueeed 
878 |3.2-0.5(—3)| 1,4 (—3) | 3,4 (—3)I6,2 (—3)|6,2-40,7| 7,3 | 6,2 | 6,9 | E2 
961-4964 |2/2-40,5(—3)| 1,4 (—3) | 28 (—3)|5,0 (—3)}5,10,7] 7,3 | 6,2 | 6,9 (2) 
4442. 14.4240,4(—3)| 9,0. (—4)| 2,4 (—3)13,6(—3))  — ae Gr 
4179 15,944,8(—4)| 8,1 (—4) | 4,9 (—3)13,4 (—3)|6,044,5| 7,3 | 6,4 | 6,9 EA 
4204 17,3-42.4(—4)| 7,8 (—4) | 1,8 (—3)13,0 (—3))  — Rad ah ae EA 
1273 |4.2--4.2(—4)| 6,9 (—4) | 4,6 (—3)2,6(—3)}  — ES i ue EA 
1314 |5,6--2(—4) |6,5(—4)|4,5 (—3)l2,4(—3)|  — <9 | 2 255| oe 


*Ox for this transition taken equal to the value for E2, 


The theoretical values of Qx and Qj, were taken from the tables of Sliv & 
Band!4,19, ‘The experimental and theoretical values of Q& and Q&/Q;, are given in 
Table 7. 

Comparison of the experimental and theoretical values of CQ, and 0% / Oh, led to 
the multipole order assignments shown in the last column of Table 7. It will be 
evident from Table 8 that our coefficients and ratios are in good agreement with 
results obtained by other authors. 


Table 8 
Conversion coefficients according to the data of different authors 


aK / ay, aK an /ayz, aK aK /2z 
86 | 0,9-40,3 450-43 0,68-40,07 | 4,6 (0) 0,53 
196 a3 0,18+0,04 | 2,3+0'08 2:4 
215 S2 0,041-40'01 | 7,2444'8 >6 
298 S5 0,013-E0 003 S4 1,4 (—2) 7,8 
878 5 9)|2 31 3)| 330.60:6728) S4 3 A oyna 
964 ~5 (4,07 (—3)| 2.5-L0,5 (—3) 35 Da Ty. § 
1179 0,9(—3)| 6,64-4,3(—4) |  S4,5. | 7:5 (—4) 
1273 0,7 (—3)| 6,444.2 (—4) 512 (—4) 


5. Decay Scheme 


In the process of investigating the radiation of Tb160 we refined and elabo- 
rated its decay scheme.2 The decay scheme for Tb160 taking into account the new 
data obtained in the work of Oferl5 and the present investigation is shown in Fig. 

- In it are indicated all the transitions observed in two or more investigations. 

Clearly evident in the decay scheme is the first rotational band based on the 
Dy160 ground state; we also note the first two levels (966 kev, I = 2+, K = 2 and 
1049 kev, I = 3+, K = 2) of the next rotational band. The third level of this 
band (1156 kev, I = 4+), which is known from the decay of Hol60 (Refs.2 & 4), is 
apparently not excited to any significant extent in the decay of Tb160, Furthes 
there is no evidence of a B-transition to this level or of the 873 kev y-transi-- 
tion from this level, which is very abundant in Hol60 (Ref, 4). 
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The level at 1200 kev was 
introduced by Keshishian® on 
the basis of five weak transi- 
tions. In our scheme it is 

1597 Ges) justified by the departing 1112 
and 1201 kev transitions, the 
energy difference between which 

3 equals the energy of the first 
266 level of Dy!69, Inasmuch as 
Ls both these transitions are of 
= the El type (see Table 7), the 
spin and parity of the 1200 kev 
level should be 1-. This level 
may be populated by the 64 and 

156 kev transitions from higher 

lying levels observed only by 

Keshishian et al8. 

For a level with I = l-, 
the quantum number K may have 
pasaea? only one of two values, namely, 

Ooril. In the first case, the 

A=0 given level may be interpreted 

as an octupole vibrational one; 
in the second case, as a single 
particle one. Application of 

Fig.5. Decay scheme for Tb169 based on the data Alaga's rules favors the first 

of Refs.7-13,15 and the present investigation. interpretation. For the indi- 

The 1156 kev level is introduced on the basis cated probabilities of these 

of data on the decay of Hol60 (Refs.2 & 4). The transitions we obtain 

decay scheme shows all y-transitions observed 

in two or more investigations. B(E1; 1200-+0):B(E1; 1200-—286.5) = 

= 0.5 for K = 0 or 2.0 for K = 1. 


The experimental values are 0.72 + 0.3 on the basis of the conversion lines 
and 0.92 + 0.4 on the basis of the photolines. It follows therefore that the K = 
= O assignment is more probable and that the 1200 kev level is an octupole vibra- 
tional one. Similar levels are observed in some neighboring nuclei. 

The 1264 kev level is formed as a result of B-decay of Tb160 with Eep = 570 
kev. From this level there are intense 215, 297 and 1273 kev y-transitions to 
the 1049 (3+), 966 (2+) and 86 kev (2+) levels. All these transitions are elec- 
tric dipole. It follows therefore that the assignment for this level may be 2- 
or 3-. 

Nathan! inferred that the spin of this level is 2. On the baste of his 
angular correlation data for the 1178 and 86 kev y-transitions, Ofer’’ agreed 
with this inference. He was forced to assume, however, that the 1178 transition 
is a mixture of El + M2 with M2/E1 = 2.2 + 1.5. This assumption, however, is in 
contradiction with our data and the results of other authors regarding the value 
of the conversion coefficient, which indicate the absence of any significant ad- 
mixture of M2. Furthermore, the inference that the spin of the 1264 kev level is 
2- is in conflict with the B-decay data. If the spin and parity of this level 
were 2-, the B--transition to it would be twice forbidden (AI = 2, no) and ru : 
log ft value would lie between 9 and 12. Actually this is a much ste Riana ee 
ition (see Table 2). Hence the correct assignment for the 1264 kev nate ; s am 
The assignment is more consistent with the 8.1 value for log ft obtained for the 
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B-transition to this level. Ofer's data on the angular correlation between the 
1178 and 86 kev Y-rays may be distorted by the 1112-86 kev cascade. That such a 
cascade may exist follows from the work of Keshishian et al® and our earlier 
measurements! 

Further evidence in favor of the 3- assignment for the 1264 kev level is the 
presence of a transition of ~985 kev energy, which can be located in the scheme 
between the 1264 and 282 kev levels only if the 1264 kev level is assumed to be 
3-. 

An analogous argument applies to the 1358 kev level from which an El type 
transition of 1273 kev energy departs to the 86 kev (2+) level. Apparently the 
spin and parity of the 1358 kev level are also 3-. 

The 1565 kev level is populated by B-decay of Tb160 with Eop = 269 kev and 
log ft = 7.5. Hence the assignment for this level may be 3-, 4- or 5-. The ex- 
istence of this level is reported by Keshisian et al8 and is known2,4 from the 
decay of Hol60, 

It may be hypothesized that the 1358 kev level is de-excited by the 411 kev 
transition observed in the investigations of Refs.13 & 8. Moreover, it is not 
impossible that a fraction of the ~298 kev transitions depart from this level. 

In this connection it may be noted that in the investigation of the decay of Hol60 
with better resolution? it was found that the K-298 kev conversion line is a 
doublet with a separation of <1 kev. 

The B-decay data are most consistent with a 4- assignment for the ground 
state of Tb160, 

Direct B-transitions to the Dy160 ground state must be strongly forbidden 
(AI = 4, yes) and hence should not be evinced. 

The B-transition to the 86 kev (2+) level is unique, but is inhibited by 
strong K forbiddenness (Av = 4K - L = 2), which increases log ft to 11-13. No 
transitions to the 283 kev level are observed inasmuch as these are strongly for- 
bidden with respect to K (Ayv= 3). The transition to the 966 kev level is a unique 
one and should have a log ft value between 7 and 9 inasmuch as K forbiddenness is 
not operative here. The transition to the 1049 kev level is a first forbidden one 
(AI = l,yes) and is once forbidden with respect to K (AY = 1); consequently, its 
log ft value should be between 8 and 10. The transition to the 1156 kev level 
should be once forbidden by the usual selection rules (AI = 0,yes) and, in addi- 
tion, twice forbidden with respect to K, so that this transition should not be ob- 
served. The transition to the 1200 kev level also should not be observed because 
it is twice forbidden (AI = 3,no). The 8-transitions to the 1264, 1358 and 1565 
kev levels are presumably all allowed. At present we can offer no explanation for 
the fact that the log ft values for these transitions are all somewhat greater thar 
common for allowed transitions. 

The other possibility, namely, the 1- assignment for the ground state of Tb16( 
leads to irreconcilable contradictions and hence must be rejected. 

The 1314 kev transition detected by us can readily be incorporated into the 
decay scheme if we introduce an excited level at this height above 1) the ground 
state of Dy160, 2) the first excited level or 3) the second excited level of Dyl60 
The departure level cannot be located any higher (for example, at 966 + 1314 = | 
= 2280 kev) inasmuch as the total Tb160-+py160 decay energy is ~1830 kev. Bearing 
in mind that the 1314 kev transition should be of the El type, we have the follow- 
ing three possibilities for the location and characteristics of the departure 
level: 1) 1314 kev (1-), 2) 1400 kev (2-, 3- or 4-) and 3) 1597 kev (3-, 4- or 5-) 
While a clear-cut choice between these possibilities is impossible on thie basis | 
of the data now available, we were guided by the following considerations in 
selecting among the above possibilities. In the first case, there should exist 


an El transition of 1228 kev energy to the 86.5 kev level. Its K conversion line 


at ALI) 


should be superposed on the L-1179 line. 


conflict with this assumption inasmuch as the K/L ratio for the 1179 kev transi- 
tion is somewhat lower than the theoretical value. 
In the second case, there should be observed an El transition of 432 kev 
energy to the 966 kev level. No such transition has been reported. 
In the third case, there may be a 441 kev El transition to the 1156 kev level. 
In constructing the decay scheme shown in Fig.5, we chose the last possibili- 


ty inasmuch as it helps explain the de-excitation of the upper levels fed by the 
~260 kev B-decays. 


The internal conversion data do not 


6. Intensity Balance 


In calculating the transition intensities per decay we used the averaged 
relative B-transition intensities obtained in the present work and the investiga- 


tions of Refs.10,11,15 & 17. The resultant values are listed in column 2 of 
Table 9. 


Table 9 


Average transition intensities 


86,5 30 8 64 962 | (43) | panesal(41) (11) 
197 13,6 3.6 4h 964 | (87) 10 123) Oe (23) | 34 
HANS tae 3 3541 1412 6 1,6 AG 
298 86** 22,6 23 1179 56 15 LS) 
391 7,6 7 2 1204 8 2,4 et 
682 (2) (0,5) (0,5) || 1273 29 7,6 7,6 
762 3 0,8 0,8 1314 9,6 2,0 JO 
878 100 26 26 
*Nathant1t gives Iv = 14 for the 197 kev transition and Ty = 11 for the 


215 kev transition. ac ** Average value from Refs.10 & 11 and the present work. 
***Value based on our data with resolution into components in accordance with 
Nathanll, which is not in conflict with our data. 
Note: Ty <a average relative intensity from Refs.10,11,15 & 17 and the pre— 
r 


sent work; “re bs ~ absolute Y-transition intensity; I,,;4 - total transition 
a - 
intensity per disintegration. 


The relative intensity of the (961 + 964) kev transition is based on our 
data exclusively since we believe this to be the most reliable evaluation in view 
of the higher resolution in our measurements of the close and intense 879 and (961 
+ 964) kev transitions. ; 

The factor used for converting relative intensities to intensities expressed 
in photons per decay was deduced from the following intensity relationships: 


1) 1,-878 + Ty-966 = 1p-859 + Ty-298 


2) Iy_962 = Ip-765 + ly-215° 
Adding these equations, we obtain 
3) Iy-878 + ly-962 + Ty-966 ~ ly-298 ~ ly-215 = 1p-4 + Ip-s- 


The intensities of the fourth and fifth components of the B-spectrum (I,_4 


. T i ta listed in Tables 1 & 2. The 
and Tg_5) were obtained by averaging the data 
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numerical value of the conversion factor is 0.263. The absolute y-transition in- 
tensities in percent are listed in column 3 of Table 9; the total transition in- 
tensities per disintegration are listed in column 4, 

The resultant intensity values are indicated in the decay scheme (Fig.5) to 
the right of each level. It will be seen that a satisfactory balance is obtained 
within the limits of the measurement error (see Table 5). A "joint" balance is 
shown for the 1565 and 1597 levels inasmuch as B-transitions probably go to both 
these levels. 

Obviously, it would be preferable in determining the intensities to use the 
following intensity relation for the transitions to the ground state: 


In this case, however, there would be introduced an uncertainty connected 
with determination of the intensity of the internal conversion lines of the 86 
kev transition, owing to the appreciable thickness of the source. 

Calculations indicate that the error introduced in this manner is consider- 
able. In fact, it proves to be impossible in this case to reconcile the balance 
for some of the levels with the decay scheme. 

It must be noted that we still lack quantitative data on the excitation of 
the 1200 kev level and de-excitation of the high-lying levels. In the scheme we 
have indicated one possible manner of excitation of the 1156 kev level, namely, 
by a 411 kev transition from the 1565 kev level. 

De-excitation of this level may occur by an 873 kev transition to the 283 
kev level. According to our datal | its intensity may be less than 1/14 the in- 
tensity of the 879 kev transition. 

The decay scheme of Fig.5 does not show many of the weak transitions observed 
only by Keshishian et als. while some of them can be incorporated in the scheme, 
there appears to be no suitable location for the others. Although one may expect 
the presence of a number of sparsely populated excited levels, it would seem de- 
sirable to verify the data of Keshishian et al before introducing these levels 
into the decay scheme. 

We desire to thank N.D.Novosil'tseva and V.Zvol'skaya for assistance in pre- 
paring the sources and acknowledge our indebtedness to B.S.Dzhelepov for valuable 
discussions. 
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CONVERSION ELECTRONS FROM Eul49 a 
- N.A. Anton'eva, A.ABashilov, B.S.Dzhelepov, V.V.Il'in & B.K. Preobrazhenskii 


In investigating the electron spectra of the europium and gadolinium fractions 
extracted from the products of spallation of tantalum bombarded with 660 Mev pro- 
tons, we noted several lines with equal energies in the conversion electron spectra 
of both fractions. The intensity of these lines changed slowly with time. 


NV pulses/min 
a WA-279 
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Fig.1. Conversion electron spectrum of the europium fraction in the 200 to 350 kev 


region. 


The section of the europium fraction conversion electron spectrum containing 
these lines is shown in Fig.1. The reporduced spectrum was obtained by means of 
a Ketron magnetic spectrometer under the same conditions as those employed in in- 
vestigating the conversion electron spectra of a number of other neutron deficient 
nuclides.! The K - L and K - M line energy differences indicate that the associ- 
ated y-transitions occur in Sm; the transition energies are 256, 279 and 330 kev. 

The intensity of the conversion lines was measured three times over a span 
of ~600 days; the relative intensities of the lines remained constant. The decay 
curve plotted on the basis of the heights of the strongest (K-279 and K-330) peaks 
is shown in Fig.2. It follows from the plot that the period of the activity in 
question is 100 + 30 days. Thus we are evidently dealing with some long-lived 
isotope of europium decaying to samariun. 

Comparing the above results with the data in the literature on europium iso- 
topes (Table 1), we can at once exclude EulS0, Eul47, Eul46 | Eul45 and Eul44, 

There can scarcely exist lighter europium iso- 
Table 1 topes. One cannot with certainty exclude Eul48, 
Neutron-deficient Eu isotopes? It is most plausible to assume, however, that 
the nuclide in question is Eul49, 
A Ti, [ype decay In investigating the gadolinium fraction, 
we found that after the decay of Gd!47 ana Gal49 
there remained in the conversion spectrum lines 


150 ~ 44 hrs B- corresponding to transitions of the above mention- 

a ee. | ed energies. The intensities of these lines fell 
~~ Ss * * . 

oe preres E-captire off with a like period (~100 days). Apparently, 

146 4,5 days our gadolinium fraction contained the parent of 

My He ae a the europium activity under study. It follows, 


therefore, that this activity cannot be attributed 


~~ 


SO ie 


Table 2 
log Nuclear transitions occurring in 
nae the decay of Eul49 to gml49 
2 

2 Ey, kev es K/L 

25641 | 2042 a 

2794-4 100 Tet 

330+1 80-+8 7+1 

x 
0 ! Nag 
250 750 gH to Eu » inasmuch as the half-life of 


| ri Gdl48 is greater than 35 years? and, 
Fig.2. Decay curve for Eul49 plotted on consequently, if the activity were due 


the basis of the decrease in intensity to Eul47 the intensity of our conversion 


for the K-279 (1) and K-330 (2) lines. lines would increase with time instead 


of decreasing. Thus it may safely be 
inferred that the observed conversion electrons are emitted in the Eul49—»Sm149 
decay process. 

At present, little is known regarding the radiation of Eul49, Mack, Neuer & 
Pool“ associated y-rays of ~0.25 Mev energy with Eul49, Murin and his co-workers? 
in investigating the europium fraction separated from tantalum bombarded with 660 
Mev protons observed y-rays with energies of 275, 330, 434 and 524 kev. They in- 
vestigated the y-spectrum with a scintillation spectrometer a considerable time 
after preparation of the sample. These authors attribute the indicated y-rays to 
Eut48 or Eul49, but were unable to make a definitive assignment. 

Our data on the conversion electron spectrum of Eul49 are shown in Table 2. 
Noteworthy are the high values of the K/L ratios. In the case of samarium in the 
256 to 330 kev interval the theoretical values of K/L are ~7 for El and Ml transi- 
tions, 5.5 for M2 transitions and ~4.5 for E2 transitions. The K/L values are 
lower for higher order multipoles. Thus it may be inferred that the observed trans- 
itions are either El or Ml. In view of the considerable experimental uncertainties 
one cannot exclude the possibility that one of the transitions may be M2. 

Little can be said regarding the Eul49—+sml49 decay scheme on the basis of the 
present scanty data. 

It may be noted that in B7-decay of Pm149 to Sml49 there are emitted y-rays 
of 284 kev energy.2 These very likely correspond to the observed 279 kev transi- 
tion in Sml49, 
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GAMMA-SPECTRUM OF 1131 
- B.S.Dzhelepov, V.P.Prikhodtseva & Yu.V.Khol 'nov 


The y-spectrum of 1131 in the 200 to 800 kev region was investigated Oni 
Ritronl spectrometer. Our specific purposes were to determine the relative in- 
tensities of the well-known y-lines of 1131 and to search for the 514 kev y-line 
reported by Sakai, Murray & Jurbatov2. We used a source having an activity of 
~30 mC. The experimental recoil electron spectrum is shown in the accompanying 
NW, pulses/min figure. ms 

In evaluating the relative y-ray intensities 
appropriate corrections were made for self-absorp- 
tion and for absorption in the spectrometer window. 
The absorption corrections for the two extreme 278 
and 722 kev lines differed by 7%. We also took in- 
to account the energy dependence of the instrument 
sensitivity. 

We obtained the following values for the rela- 
tive intensities of the 1131 y-rays: 


1000 2100 oe emg Go Ey, kev: 278 362 514 633.5 722 
ly qo: Dek 100 <0.4 8.9 Bley 
Compton spectrum of jisl 
(background subtracted). We evaluate the uncertainty in determining 
the intensities as 5-10% for all the lines, ex- 
cept the 278 kev line for which the uncertainty is 20%. The intensity of the 278 
kev line was determined as a result of resolution of the poorly resolved 278 and 
362 kev y-lines by plotting the standard line shape over the experimental curve. 
Exhaustive search for the 514 kev y-line showed that, if this line does exist, 
its intensity does not exceed 0.4 of the intensity of the 362 kev y-line. 
The authors desire to thank V.A.Eliseev for assistance in performing the 
measurements. 
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GAMMA-RADIATION FROM Br&2 
- B.S.Dzhelepov, V.A.Eliseev, V.P,Prikhodtseva & Yu.V.Khol 'nov 


We investigated the y-spectrum of Br82 on the Ritron!. The general appear- 
ance of the spectrum, which comprises 10 y-lines, is shown in Roc. 

The energies and relative intensities of the Br82 y-lines obtained in the 
present and other investigations are listed in Table l. Our energy values for 
ic principal y-lines are in excellent agreement with the most accurate values 
in the literature, namely, those of Hultberg & Hedgran8. As will be evident from 
the table, there is also good agreement as regards the relative intensities, par- 
ticularly, between our data and those of Hultberg & Hedgran. 


NW, pulses/min W, pulses/min 


rer 2000 7000 4000 "5000 6000. +~+~«-7600 
Hp, GS-Ct 


Fig.1. Br82 y-ray spectrum (recoil electrons). 


The clearly evinced 1648 kev y-line was detected for the first time in the 
present investigation. The intensity of this line falls off approximately with 
the period of Br82. The existence of weak (~10-3 photons/disintegration) y-rays 
in the 1700 to 2000 kev region was reported as far back as 1949 by Myers & Wat- 
tenberg?. These investigators detected photoneutrons from a beryllium target, 
but observed no photoneutrons from a deuterium target irradiated with the y-rays 
of Br8&2, 

Lu et all° and Waddell & Jensen®, who used scintillation spectrometers, ob- 
served rises in the spectrum at ~1.85 and 2.1 Mev, but inferred that these peaks 
are predominantly sum lines. Dubey et al’ assert that the peaks at ~1800 and 
~2000 kev cannot be fully explained by the summing effect. 

In our spectrum there is clearly discernible a weak y-line at 1780 kev. There 
is also evident a rise of the experimental points above the background in the vi- 
cinity of 1910 kev. In view of the low statistical accuracy in this region, how- 
ever, we cannot be certain of the actual existence of a 1910 kev y-ray. We made 
a special search for y-rays in the 2000-2700 kev range: no y-rays having an inten- 
sity greater than 0.2% per disintegration were detected. 

Dubey et al’, in measurements with a y-y coincidence scintillation spectro- 
meter, found soft y-lines at 250 and 350 kev. We failed to detect these y-rays 
in our experiments. If they exist, their intensities must be less than 25 and 5%, 
respectively, relative to the 777 kev y-rays. 

Making use of our relative intensity data, we determined the conversion co- 
efficients for the principal transitions in Bre2, To this end we utilized the 
results of Siegbahn et al“ and Waddell & Jensen® on the conversion electron spec- 
trum of Br82, The energies and relative intensities of the conversion electrons 
are listed in Table 2. 

To calculate the conversion coefficients one must know OK for at least one 
transition. It follows from experiments!1,12 on Coulomb excitation of the 777 
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ihe Table 2 
ultipole order assignments for the transitions in Kr82 


Rel.intensities | dye 10% , theoretical 
Conversion St 
Bs ilines = u ° Multipole 
Re ag ot af order 
es s a 2 E3 | Mt | M2 | MB Te, 
eer o \hetd Gk al ments 
2 & 
554,41) 87+9 | 681°83| 6,731 6,76 | 20,7 | 57.6 | 45.4 | 45.9} 432 Et 
618,7 jon ¢ 78 52 12,3 5,18 | 14,8 | 39,3 | 11,8 | 33.3 | 88,6 E24+M1 
398,4] 5142.5] 42] 32] 10,8 | 3.99 | 10,6 | 26.8] 8192, 24:0 | 59 
776.9| 100 fOOV G0) ae] eS O91 rs 2 Boe err ae eorcak 
827,6| 42+2 | 43] 30| 3,56] 2,82] 7,05] 46,1] 6,24] 45.7 | 35.5 E41 
1044,0} 1641 | 18] 37] 3,99] 1,75| 3.98] 8.28] 3.75| 868] 17.7 E2+M1 
1317,1] 840,4| 14] 38] 3,02) 1,12 | 2,46) 4/44) 2,30] 4,92) 9/34 F24M1 
1475,3| 44£0,4| —| 24| 1,37*| 0,92 | 1,88] 3.40] 4.87] 3.76] 6.78] #1, 224+M1 


* Based on the I, value from Ref,6 


kev level in Kr82 that the 777 kev transition is 


Bre? Sesh 2 E2. According to the tables of Sliv & Bandl3 the 
atY conversion coefficient for this transition is 
24h 4 8.22-10-4, 
2094.0 3° In our evaluations we took into account the 
920.9 4ors* relative intensities of the K conversion electrons 
arr Teer 1475.3 2° obtained in the work of Siegbahn et al? (except 
ees ne Ae, for the 1475 kev transition), since the resolution 
: of the instrument used in this investigation (n/2 
- 00 gt spectrometer, A = 1%) was appreciably better than 
Kr the resolution of the instrument employed by 
' Fig.2. Decay scheme of Br®2, Waddell & Jensen® (lens spectrometer, A = 3%). 


Our inferences regarding the multipole orders 
of the transitions in Kr82 arrived at through comparison of the experimental con- 
version coefficients with the theoretical values!3 for different multipole orders 
are given in Table 2. 

The proposed decay scheme (Fig.2) is based on the following considerations. 

1. The B-spectrum is simple, has the allowed (Fermi) shape and an end-point 
energy of 444 +1 kev®. §6-particles of all energies yield coincidences with all 
the y-lines listed in the scheme. ? 

2. The existence of the 776.9 kev (2+) levels follows from Coulomb excitation 
experiments.11,12 

3. Using the precise energy values obtained by Hultberg & Hedgran®, one ob- 

tains a satisfactory energy balance (to within 0.4 kev) at all levels in the scheme. 
From the energy standpoint only the sequence of the 827.6 and 1044.0 kev transitions 
remains unclear. If we assume that the 1044.0 kev transition lies above the 827.6 
kev one, we would have to introduce a level at 1604.4 instead of the indicated 
1820.9 kev level. This, however, would be in conflict with the established’ pres- 
ence of 554-1044 kev y-y coincidences. Moreover, with the arrangement shown in 

_ Fig.2 one can readily incorporate the 250 and 350 kev transitions, reported by Dubey 

et al’ in the decay scheme. True, these transitions have not been observed in any 

other investigation including the present one. 

4. The numerous y-y coincidences observed in diverse investigations®» 7,10 
generally substantiate the scheme pictured in Fig.2. Significant is the absence 
mot 777-1475 kev coincidences® and coincidences between the 698 kev transition and 

the 1044, 1317 and 1475 kev transitions. ® 
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5. The tentative intensity balance is also shown in Fig.2. If we take as 
100 the intensity of the B-radiation and the sum of the intensities of the 777 
and 1475 kev y-rays, the intensities of the radiations arising at and departing 
from each level balance as shown in the scheme above and below the level lines at 
the right. It must be admitted that, considering the uncertainties, the intensity 
balances at the various levels are satisfactory; the new lines discovered in the 
present study are of low intensity and do not significantly affect the balances. 

6. The spin and parity assignments are in agreement with and largely follow 
those of Waddell & Jensen®. The indicated multipole orders, obtained through com- 
parison of the newly evaluated conversion coefficients with the theoretical ones 
of Sliv & Bandl3, virtually fully agree with the multipole order assignments of 
Waddell & Jensen. Hence their deductions regarding the quantum characteristics 
of the levels, made taking into account the results of y-y angular correlation 
experiments, are substantiated. 

The new 1648 and 1780 kev y-transitions cannot be fitted into the scheme 
without introducing new levels. While the energy of the 1780 kev y-ray is close 
to the energy of the 1820.9 kev level, we feel certain that the difference is 
greater than the maximum possible experimental error. The same thing may be said 
regarding the energy difference between the 1648 kev y-transition and the possible 
1604 kev level that would have to be postulated if it is assumed that the 827.6 
and 1044.0 kev transitions occur in reverse order, i.e., opposite to that indi- 
cated in Fig.2. 

If the 1910 kev transition does exist, it can readily be fitted into the 
scheme between the first and the highest lying excited levels. 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 


References 


1. B.S.Dzhelepov, N.N.Zhukovskii & Yu.V.Khol'nov, Izv.AN SSSR, Ser.fiz., 18, 
599 (1954) (Trans.Bulletin, 18, No.5, 285); B.S.Dzhelepov, V.P.Prikhodtseva, A. I. 
Feoktistov & Yu.V.Khol'nov, Ibid., 20, 1361 (1956) (Trans.Bulletin 20, No.12a, 
1245); I.B.Golovanov, B.S.Dzhelepov, L.S.Lebedev, V.P.Prikhodtseva & Yu.V.Khol 'nov, 
Ibid., 21, 985 (1957) (Trans.Bulletin 21, No.7, 987.) 

2. K.Siegbahn, A.Hedgran & N.Deutsch, Phys.Rev., 76, 1263 (1949). 

3. M.P.Hubert & J.Laberrigue-Frolow, Compt.Rend., 232, 2420 (1951). 


4. B.S.Dzhelepov & A.N.Silant'ev, Doklady AN SSSR, 85, 533 (1952). 

5. C.S.Wu, Nuclear Level Schemes, TID - 5300, June, 1955. 

6. R.C.Waddell & E,N.Jensen, Phys.Rev., 102, 816 (1956). 

7. V.S.Dubey, C.E.Mandeville & M.A.Rothman, Phys.Rev., 103, 1430 (1956). 
8. S.,Hultberg & A.Hedgran, Arkiv Fys., 11, 369 (1957). 

9. V.Myers & A.Wattenberg, Phys.Rev., 75, 992 (1949). 
10. D.C.Lu, W.H.Kelly & M.L.Wiedenbeck, Phys.Rev. , 95, 1533 (1954); 
11. G.M.Temmer & N.P.Heydenburg, Phys.Rev., 104, 967 (1956). 


12. N.P.Heydenburg, G.F.Pieper & C.E.Anderson, Phys.Rev., 108, 106 (1957). 
13. L.A.Sliv & I.M.Band, Tablitsy koeffitsientov vnutrennei konversii gamma- 


izlucheniya (Tables of internal conversion coefficients) Part I, K-shell, M.-L 
1956. » Sill 


- 203 - 


COINCIDENCES BETWEEN CONVERSION ELECTRONS IN THE DECAY OF Gdl46 anp qal51l 
- B.S.Dzhelepov & V.A. Sergienko 


I. Gdt46—~~y146 


The decay of Gal46 to Bul46 (~45 days) was investigated on the twin magnetic 
lens B-spectrometer described in Ref.1. The Gal46 was obtained by bombardment of 
tantalum with 660 Mev protons. The neutron-deficient gadolium isotopes were sepa- 
rated by the ion exchange technique. The active material was collected on a nar- 
row strip of 5 mm thick aluminum foil (the source was prepared for measurements 
on the Ketron). The conversion electron coincidence measurements were performed 
after virtually complete decay of the short-lived Gd isotopes. The source, there- 
fore, contained Gd146, Gal49 (9 days), Gal51 (150 days), Gdl53 (236 days) ,2-5 as 
well as Eul46 (4,5 days), Eul47 (24 days) and Eul49 (100 days) ,5,7 built up as a 
result of decay of the corresponding Gd isotopes. 

Gamma-rays of 114.8, 115.5 and 155 kev energy are emitted in the decay of 
Gal46 to Eul4s6, The existence of the close 114.8-115.5 kev doublet and the pres- 
ence of the 155 kev transition in the Gal46 decay scheme were established in in- 
vestigating the conversion electron spectrum of Gd!46 on a high-resolution spectro- 
meter. It was noted in the Y¥-y coincidence study of Gorodinskii et al? that the 
~115 kev line yields ''self-coincidences". 

The conversion electron spectrum up to an electron energy of ~150 kev, re- 
corded on the half of the spectrometer viewing the activity side of the source, is 
shown in Fig.l. 

In our experiments the conversion lines from the 114.8 and 115.5 kev transi- 
tions were not resolved; the K-(114.8 + 115.5) line had a half-width almost equal 
to that of a single line. The K-155 line was not separated from the LM-(114.8 + 
+ 115.5) line. Conversion electrons forming in the decay of Gdl49 and Eul47 were 
present in our spectrum (Fig.1) in appreciable numbers. There were also probably 
present electrons from the 21.7, 154.5, 174.8 and 243 kev transitions in Gdtsl 
and from the 69.8, 97.4 and 103.3 kev transitions in Gd153, 

We measured the abundances of coincidences between the conversion electrons 
of the most intense lines. The number of true coincidences varied from 202 to 
1800 coincidences per hour with channel loadings of (13-80) -103 pulses per min; 
the ratio of true-to-chance coincidences ranged from 5 to 27. 

The experimental results are summarized in Table 1 and illustrated in Figs. 
2& 3. 

Tablerl 
Results of measurements of Gd146-+fu146 conversion electron coincidences 


Line in Intensity at| Line in  [Intensityat [°° coincidences per hour 
firsthalf [peak Qa ga second half pak a j 
eg ee ee aes Se pee xéd ie? Tbtal:| chance true 
ine aidey® ulses/min | vity side [pulses /min 
15 306 42 294 

= a Z 78,9 1884 84 4800 

j 44 A 78,5 1060 66 994 

B 44 B 52,0 244 42 202 

B 44 (K—LL) 16,2 356 16 er 

B 44 (K—-LM) 11,8 286 10 


*A designates the K-(114.8 + 115.5) + K-121 lines CST pis ® denotes the 
IM-(114.8 + 115.5) + K-155 + K-149.8 (Gd149) + K-154.5 (Gd ee denotes 
the LM-155 + LM-149.8 (Gd149) + K-197.6 (Bul47) + LM-154.5 (Gd151) lines. 
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Fig.1. Spectrum of conversion electrons from Gd146 up to 150 kev electron energy, 
recorded on one half the spectrometer (spectrometer viewing the activity side of 
the source). 


1. Coincidences between the 114.8 and 115.5 kev y-rays (AA coincidences) 
al, fe allemaal lictick <iase tated kes ie hon seated ob Gi Ai es ine oh th, Sie DAGON ES) ONS ASRS ST 


There can be no doubt that there are coincidences between the conversion 
electrons of the 114.8 and 115.5 kev y-transitions. This is clearly evident from 
Table 1 and from the experimental curve characterizing the "self-coincidences" of 
the K-(114.8 + 115.5) electrons, shown in Fig.2 (curve AA). 

The number of true coincidences at the peak of the K-(114.8 4 115.5) line 
with both halves of the spectrometer set on this line attained -1800 per hour. 
This high intensity shows that the coincidences are due to K-114.8 and K-115.5 
electrons. Approximate evaluation of the number of coincidences based on the 
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channel loadings, the efficiencies of the spec- 
trometers and the conversion probabilities for 
the transitions yields a value close to the 
experimental one. 

If there are some other lines close to the 
anlar ly h& coincidences K-114.8 and K-115.5 lines, according to the data 
of Refs.3-7, they should have an intensity not 
exceeding 0.01 of the K-114.8 or K-115.5 line; 
under our experimental conditions such extrane- 
ous lines could not give rise to the observed 
coincidence intensity. 

It is interesting to note that if the 
K-114.8 and K-115.5 lines were fully resolved, 
the number of coincidences would be half the 
observed number. 


Line A 


2. Coincidences of the 155 kev y-rays 
with the 114.8 and 115.5 kev y-rays 


AC coincidences Table 2 
Comparison of experimental and calcu- 
lated coincidence intensities in the 


fin. & decay of Gdl46 to Eul46 
: 
ee es, eneas ip te |. oan 
700. «800+~=«900~=—«1000=S—S—~=<CS«~'00S«*SC«*SOD 
Hp, &S-CM 
Fig.2. Coincidences with the A Valid) Obese Le. 
line (heavy curves). Light AA/BB 9.4 9” 


curves - lines A and C as re- 
corded on a single spectrometer. 


The existence of coincidences between the 155 kev transition and the 114.8 
and 115.5 kev transitions is proved by the presence of (K-114.8 + K-115.5)- 
-(LM-155 + Gdl49 LM-149.8) coincidences (curve AC in Fig.2). The electrons from 
Eul47 and Gd149 cannot yield coincidences with the electrons from Gd146; the 76.5 
and 121.0 kev transitions, as has been shown in Ref.9, are located parallel to the 
197.6 kev transition in the Eul47—»sml47? decay scheme. 

The question of whether the 155 kev transition correlates with both the 114.8 
and 115.5 transitions or only with one of them can be resolved by comparing the 
experimental with the calculated coincidence intensities, but it must be noted 
that we can calculate the coincidence intensity only by assuming a definite decay 
scheme. In Table 2 the experimental intensities are compared with calculated in- 
tensities as evaluated on the basis of the scheme shown in Fig.4, i.e., on the as- 
sumption that the 155 kev transition is located sequentially in cascade with the 
114.8 and 115.5 kev transitions with no branching. 

In the calculations it was assumed, in accord with the inferences arrived at 
in Ref.6, that all the transitions are of the Ml type and that K capture goes pri- 
marily to the upper level (i.e., that a in Fig.4 is much greater than b,c or d). 

If the 155 kev transition yields coincidences with only one of the lower 
transitions (114.8 or 115.5), the experimental value of the coincidence intensity 
ratio AC/AA should be half the calculated value. As will be seen from Table 2, 
however, the experiment1 value of AC/AA differs little from the calculated one. 
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We infer therefore that 
the 155 kev transitions yield 
coincidences with both the 
114.8 and 115.5 kev transitions 
ee lias 4 and that all three transitions 
form a cascade. 


- 10-3 
es/min 


pufs 


im 


3. Coincidences between LM- 
-(114.8 + 115.5) + K-155 elec- 
trons and K-series Auger elec- 
oo lho trons (B-Auger coincidences) 

The experimental curve 
characterizing coincidences of 
4 LM-(114.8 + 115.5) + K-155 + 
25+ 400 an | + K-149.8 electrons and K-series 
6 Auger electrons is shown in Fig. 
3 (B-Auger curve). That there 
is a significant number of such 
coincidences is beyond doubt. 
It is also obvious that part 
Re a of these coincidences are con- 
500 700 900 1100 1300 nected with the tail of the BA 
Hp, GS-¢n peak. 
Fig.3. Coincidences with the B line (heavy Before we can draw any 
curve). Light curve - K-Auger electron and quantitative deductions, we 
A and B lines as recorded on a single spectro- must clarify the composition 
meter. of the A, B and C lines. 


4. Composition of the A, B and C lines 


Line A. It is stated in Ref.6 that the K-114.8 and K-115.5 conversion lines 
have approximately the same intensity. 

Fig.1 shows that at the time of measurement, in addition to K-114.8 and K- 
-115.5 electrons, the A line contained an admixture of K-121 electrons from Eul47, 
The separation between the K-114.8 and K-115.5 lines in the Ho scale is ~0.5%. 
The experimental half-width of the A line is 5.3%. It may be assumed that the 
apparatus half-width of the line, i.e., the half-width due to the spectrometer 
and source, is 4.8%. Plotting the K-121 line with standard shape and this half- 
width, we find that this line as regards intensity amounts to only 1/6 the sum 
of the K-(114.8 + 115.5) intensities, i.e., 1/3 the intensity of K-114.8 or K- 
-115.5 

Line B. The B line comprises the L and M lines of the 114.8 and 115.5 kev 
transitions, the K lines of the 155 kev transition in Gal 46 | the 154.5 kev trans- 
ition in Gdl5l and the 149.8 kev transition in Gdl49 and the L and M lines of the 
121 kev transition in Eul47, [It is known® that the L-114.8 and L-115.5 lines are 
7 times weaker than the corresponding K lines; this is approximately the value 
to be expected for pure Ml transitions. We have no experimental data for the M 
and N lines, but in Listengarten's® review it is shown that usually (M + N)/L = 
= 0.3, Thus it may be assumed that the LMN-114.8 and LMN-115.5 intensities equal 
approximately 0.2 the intensity of K-114.8. According to the data of Ref.6, the 
155 kev y-transition has approximately the same intensity as the 114.8 and 115 5 
kev transitions. Consequently, the intensity of K-155 should be 2.3 times Lower 


ie ae intensity of K-114.8 (the ratio of the respective conversion coefficients 
Ba2.3)% 
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;  , ihe sum of the LM-121 lines of Eul47 should be 5 times weaker than the K-12] 
line vais consequently, should amount to ~7% of K-114.8. We do not know the ex- 
act contribution of the Gd151 K-154.5 + Gal49 K-149.8 lines to the intensity of 
the B line, but we can evaluate it on the basis of the experimental ratio of the 
A and B line intensities. 

The ratio of the A and B line areas is 1.1; taking into account the differ- 
ence in energy intervals brings this ratio to 1.4. 


Thus, in units of the K-114.8 line intensity: B = LMN-114.8 + LMN-115.5 + K- 
=155 + Bul4/ tM-121 + Gdl51 x-154.5 + Gal49 x-149.8 = 0.2 + 0.2 + 0.43 40.745 
= 0.7 A= 1.4; whence x = 0.5, i.e., the intensity of Gdl5l K-154.5 + Gal49 K-149.8 
amounts to 50% of the intensity of K-114.8. 

To check this, we plotted the sum of lines with such relative intensities and 
half-widths of 4.8%; the sum curve showed a satisfactory fit to the experimental 
one. 

Line C. The composition of the C line includes the followin electrons; 146 
LMN-155, Gd151 LMN-154.5, Gal49 pMy-149.8 and Eul47 x-197.6. It 2 known oe 
K/L ratio for the 155 kev transition in Gdal46 is ~7; consequently, the intensity 
of the Gdl46 LMN-155 composite line is approximately equal to 0.2 the intensity 
of K-155 or 0.09 the intensity of K-114.8. 

The Eul47 K-197.6 line should be 4.8 times weaker than the Eul47 K-121 line4 
and, in accord with what has been said above, amounts to 0.015 of K-114.8. The 
Gdl51 LMN-154.5 + Gdl49 LMN-149.8 line intensity can be calculated from the inte- 
gral area of the C line: C = Gal46 LyN-155 + Eul47 K-197.6 + Gdl5] LMN-154.5 + 
+ Gdl49 LMN-149.8 = 0.09 + 0.015 + x = 0.3 (the C/A area ratio equals 0.23, or, 
taking into account the difference in energy intervals, 0.148), whence x = Gdl5l 
LMN-154.5 + Gdl49 LMN-149.8 = 0.195 K-114.8. 

To check the above, all the lines were plotted, using the indicated relative 
intensities and the apparatus shape and width, and added. The integral line was 
in satisfactory agreement with the experimental curve. 


5. Intensity components at the A, B and C line peaks 


In measuring the coincidence intensities the spectrometers were set on the 
peaks of the A, B and C lines. As noted, however, these lines are composite and 
for quantitative analysis of the coincidence intensities we must know the effect- 
ive components at the line peaks. It must be realized that the intensity compo- 
sition at the peak is not identical with the composition of the line per se. The 
closer the conversion lines, the more similar will be the two compositions and 
vice versa. 

In the calculations below it is assumed that the B and C lines consist of 
close components (i.e., that the compositions of the peaks and of the lines are 
virtually identical) but that the A line consists of the merged K-114.8 + K-115.5 
doublet and the distinct K-121 component which is virtually not recorded when the 
spectrometer is adjusted to the line peak. In the spectrometer viewing the source 
backing the lines are still broader and hence the lines merge and overlap to an 
even greater extent. 


6. Calculation of coincidence intensities and comparison with experiment 
6. Calculation of coincidence nn 


For calculating coincidence intensities one must know all the branching oc- 
curring in the decay scheme. For purposes of calculation we adopted the scheme 
shown in Fig.4 in which there is no branching and all three transitions ax in 
direct cascade and of equal intensity; the last means that capture of orbital 
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electrons always leads to the highest lying 114.8 + 
+ 115.5 + 155 = 385.3 kev level. The actual order of 
the three transitions is unknown, but is immaterial 
where the calculations are concerned. 

The following facts speak in favor of the proposed 
scheme: the intensities of all three y-transitions are 
approximately equal; there are no sum or difference lines 


(1) 
(269.8, 270.5, 230.3 or ~60 kev); the cited conversion 
electron coincidence data are consistent with the indi- 
(2) cated scheme. 
The calculated and experimental coincidence intensi- 
(3) ty ratios for one and the same line in the spectrometer 
viewing the source backing are shown in Table 2. Strictly 
(é) speaking only such ratios can be considered quantitatively 
cyto The compositions of the lines listed in Table 2 are the 
63°83 following: A = 50% Gdl46 x-114.8 + 50% Gd146 K-115.5; B = 
Fig.4. Gdl46—Eul46 de- = 14% Gdl46 LMn-114.8 + 14% Gal46 LMN-115.5 + 30% Gal46 


cay scheme. The actual K-155 + 5% Eul47 1M-121 + 37% (Gd151 K-154.5 + Gdl49 K- 
order of the indicated -149.8); C = 30% Gd!46 LMN-155 + 5% Eul47 K-197.6 + 65% 
transitions is not known. (Gdl51 LMN-154.5 + Gd149 LMN-149.8). 

The coincidences of the B line with Auger electrons 
cannot be calculated inasmuch as the composition of the B line includes components 
from other isotopes which should also yield coincidences with Auger electrons and 
in our experiments we were unable to investigate the entire conversion electron 
spectrum emitted by the source. 


7. Gai46 decay scheme 


The spins and parities of the low lying excited levels of Eul4® cannot be 
unambiguously established on the basis of the available data. The ground state 
of Gdi46, an even-even nucleus, is of the 0+ type. The Eul46 ground state is pro- 
bably odd inasmuch as the 63rd neutron is apparently located on the even d:, level 
(the spin of Eul47 is 5/2), while the 83rd neutron is situated on an odd level: 
OLN fe The three lowest excited states of Eul46 have the same parity as ete 
See mgL inasmuch as they are linked by Ml type transitions, i.e., they are 

SCS ie electron capture leads primarily to the highest lying excited 
state of Eu , it is natural to assume that the lower states have higher Pe 
and that the highest lying state has a low Spin, ive., Osorll, at 

Then, bearing in mind that the transitions are all Ml and that there are = 
parently no Sears transitions, we obtain the following spin suiiReEen one 
joan ye I~ Or l=, 2=93= d= (Of the two j i ’ 
the latter inasmuch as with the former Oe-90= and Os aoe een el ie 
same Geerze of forbiddenness and the second should therefore ba abe te meee 
which is in conflict with the observed equal intensity of all three x Hai 
Hence we have adopted the l-, 2-, 3-, 4- sequence shown in Fig.4 Ne a 


II. Gdl5l_py151 


We also investigated the coincidence 
d : s between t ; 
ing in the decay of 150-day calsiwee aaere he conversion electrons form- 


In brief proton bombardment of tantalum, Gal51 forms only in small amount 
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Fig.5. Section of conversion spectrum of the composite source used in investigat- 
ing coincidences in Gdl5l, 


material was collected on an aluminum foil 5 yp thick. The collected activity 
contained Gdl46, Eul46, Eul47, Gql49, gyl49, Gql51 ana Gal53, 


In view of its 
composite nature (i.e., no specific interval between separation and measurement) , 


the relative intensities of the lines from different isotopes have no significance. 
The following lines were observed in the section of the spectrum from 5 to 150 

kev (Fig.5): L - MX; Gdt5!l L-21.7; Gal51 y-21.7 + Gal53 kK-69.8; K - LL; K - LM; 
Gd153 K-103.3; Gal46 (K-114.8 + K-115.5); Eul47 K-121; Ga151 K-154.5 + Gal46 (LM- 
-114.8 + LM-115.5) + Gdl46 x-155; Gal51 x-174.8; Gal51l K-174.8; Gd151 LM-154.5 + 

+ Gal46 [M-155 + Eul47 x-197.6. As compared with the spectrum shown in Fig.l, we 
note the appearance in the present spectrum of the Gd153 xK-103.3 and Gdl51 K-174.8 
lines, which is indicative of a higher content of long-lived isotopes in the com- 


posite source. In addition, in the low energy region not studied earlier, we ob- 
served the Gdl51 L-21.7 and M-21.7 lines. 


Specifically, we investigated the coincidences be- 
tween the Gcai5l ,-21.7 and K-174.8 conversion electrons. 
The second, higher energy line was detected by the spec- 
trometer viewing the source backing. The results of 
40 these experiments are shown in Fig.6 and below: 


N., coinc/hr 


ee, Line in the first half of the spectrometer 
5 (through the foil) 174.8 kev 
Intensity at the line peak (Ny - Npxga) °1073 
pulses/min 0.3 
Line in the second half of the spectrometer 
Z (activity side) 21.7 kev 
1200 7300 p.ésin | Intensity at the line peak (Ny - NpKga)*1079 
Fig.6. Coincidences be- pulses/hr 5 
tween the L-21.7 and Number of coincidences per hour: 
K-174.8 electrons from total 
Gal5l, 


9 
including chance 0 
~ true 9 
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21.7)-(K-174.8) coincidence counting rate was 
there can be no doubt that there are coin- 

Only a small fraction of the observed coinci- 

“tail” and 


Despite the fact that the (L- 
low, namely, 9 coincidences per hour, 
cidences between these transitions. 
dences can be attributed to coincidences between the Auger electron 
the K-174.8 line or admixtures to it. 

We desire to express our sincere thanks to A.A.Bashilov and B.K. Preobrazhen- 
skii for making available the source, A.A.Bashilov for his interest in the work, 
valuable discussions and communication of his results prior to publication. A.A. 
Andriyanova and Kh.Nasyrova, students of Alma-Ata University, participated in the 
pals ae with Gdl46 and student A.V.Kudryavtseva assisted in the work with 
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COINCIDENCES BETWEEN CONVERSION ELECTRONS IN THE DECAY OF Gd147 AND Gd149 


- B.S.Dzhelepov, B.K.Preobrazhenskii & V.A.Sergienko 


We investigated conversion e 


lectron coincidences in the decay of 1.5 da 
Gd147 and 9 day Gd149 on the twin s 


B-spectrometer described in Ref.1. 


Data on the decay of Gdl47 and Gdl49 are contained in Refs.2-5; the decay 
schemes are given in the inserts in Fig.l. 


1. Experimental conditions 


The gadolinium fraction was received by us several hours after its chromato- 
graphic separation from the other rare earths formed by spallation of tantalum 
bombarded with 660 Mev protons. The active material was deposited on an aluminum 
foil 5 yp thick; the source diameter did not exceed 5 mm. The conversion electron 
spectrum of the gadolinium fraction up to an electron energy of 350 kev recorded 
by the single spectrometer viewing the activity side of the source is shown in 
Fig.1. Owing to the relatively low resolution of our spectrometers, some of the 
details of the spectrum were not brought out, but its general appearance, the 
energy positions of the lines and their relative intensities agree with the data 
on the conversion electron spectra of Gdl47 and Gd149 given in Refs.4 & 5. 


First we investigated the coincidences between the electrons from Gd!47, then 
between those emitted in the decay of Gd!49. 


2. Experimental results 
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Note: The figure in parentheses (2) is approximately equal to the 
experimental uncertainty. 


The experimental results of the coincidence measurements are summarized in 
the accompanying table and shown in Figs.2 & 3. 
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Fig.2. Coincidences with the K-229 line of Gdal47 (heavy curve). 


spectrum recorded on single spectrometer. 
Fig.3. Coincidences with the K-129.8 line of Gd149 (heavy curve). 


spectrum recorded on single spectrometer. 
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3. Qualitative analysis of coincidences 
Gd147 


The coincidence curve obtained for Gdl47 is shown in Fig.2. The Gal47 K-229 
line, the line with which coincidences were observed, is a relatively pure one, 
i.e., is due solely to K-229 electrons as will be evident from Fig.l (recorded at 
t = 50 hours) and from Fig.1 of Ref.4 (recorded at t = 90 hours). 

The intense K-346 line belongs to Gd149 and hence yields no coincidences 
with K-229. The next high maximum in the Single spectrum is located at Ho = 2300 
gauss cm and is formed mainly by the Gdl49 LM-346 and Gdl47 K-396 lines and par- 
tially by the Gal47 K-370 line. This maximum is also clearly evinced in the co- 
incidence curve; its location in the spectrum indicates that it is connected pri- 
marily with the Gd1l47 K-396 line. The absence of (K-229)-(LM-396) coincidences 
was rather unexpected and the fact that they were not evinced may be attributed 
to statistical fluctuations. We believe that the 229 and 396 kev transitions do 
form a cascade. Coincidences between the 229 kev and 370 + 396 kev y-rays were 
recently observed by Shirley et al3. 

Accordingly, the 370 kev transition has been provisionally inserted in the 
decay scheme in direct cascade with the 229 and 396 kev transitions. 


Gqal49 


The spectrum of coincidences with the Gd!49°K-149.8 line is shown in alee, Se 
The K-149.8 line is the most intense peak in the spectrum of the gadolinium frac- 
tion both at t = 90 hours (Fig.1 in Ref.4) and at t = 50 hours, the period after 
separation to which the data of Figs.1 & 3 have been reduced. 

Under our experimental conditions with the spectrometer set on this line one 
can expect partial detection of the following electrons: Gd1l51 LM-103.3, Gal46 
LM-(114.8 + 115.5), Gal5!l K-154.5, Gal46 k-155 and Eul47 LM-121. According to 
the data of Refs.4 & 5, Gd146, Gal51 and Gal47 have no conversion lines of notice- 
able intensity in the spectral regions of the K and LM lines from the 272, 298 
and 346 kev transitions in Gd!49. Hence the observed coincidences can only be 
associated with conversion electrons from Gdl49. 

The coincidence curve of Fig.3 shows an insignificant number of coincidences 
with the Gdl49 x-272 electrons, the absence of coincidences with the Gdl49 K-298 
electrons and intense coincidences with the K-346 and LM-346 electrons of Gdal49 
(the counting rate at the K-346 peak was ~600 pulses/hour). 

The K-346 line contains an admixture of Gd149 LM-298, while the LM-346 line 
contains some admixture of Gd14’ K-396. However, since there are no coincidences 
with K-298, one cannot expect coincidences with LM-298; naturally, the Gal47 K- 
-396 line cannot yield coincidences. The relative heights of the K-346 and LM-346 
peaks are approximately the same in both the single spectrum and the coincidence 
spectrum. This substantiates our inference that there is no admixture of other 
coincidences to the observed (K-149.8)-(K-346) and K-149.8)-(LM-346) coincidences. 

The existence of (7-149.8)-(7v-346) coincidences was recently Be a by 
Shirley et al3 who investigated y-y coincidences in the decay of Gd obtained 
by the Sml147(q,2n) and Eul47(qQ,np) reactions. 

The above data support the arrangement of transitions in the decay schemes 

147 and Gdl49 shown in the insert in Fig.1. 
es “a Asay our sincere gratitude to N.M, Anton'eva and A.A. Bashilov for their 
interest in the work, valuable discussions and communicating their results prior 
to publication. A.Andriyanova and Kh.Nasyrova, students of Alma-Ata University, 
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and V.Bunakov and I.Myznikov, students of Leningrad State University, partici- 
pated in the measurements. 
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COULOMB EXCITATION OF NUCLEAR LEVELS IN SPHERICAL EVEN-EVEN NUCLEI 
- D.G.Alkhazov, A.P.Grinberg, K.1I.Erokhina & I.Kh. Lemberg 


; In the SOO report we give the data obtained in investigating Coulomb ex- 
citation of the first excited levels in Si, Ti, Cr, Fe, Ni and Zr isotopes. The 
bombarding particles were triply and quadruply charged nitrogen ions accelerated 
to energies of 15.9 to 35 Mev in a cyclotron. In the case of Ti, Cr, Fe and Ni 
we used targets enriched with the investigated isotopes. The experimental tech- 
niques have been described in Refs.l & 2. 

The values of the stopping power dE/dex of the elements under study as re- 
gards nitrogen ions were calculated by Longchamp's procedure? from the range- 
energy curves for Q-particles in these elements. The stopping powers were also 
determined independently from the experimental range-energy curve for N ions in 
Ni, making use of the experimentally determined ratios of the stopping powers in 
Ni and the investigated elements for protons having the same velocity as the N 
ions. The values of dE/dor obtained by both methods differ by not more than 10% 
and are in good agreement with the experimental values for N ions in Ni and Al 
given in the literature. 

The results of our measurements are given in the accompanying table. In 
column 1 we list the values of the reduced ground to excited state transition 
probability, B(E2), obtained in the present N ion experiments; in column 2 - the 
values of B(E2) obtained in our earlier work® with 6.6 to 8.3 Mev A-particles; 
in column 3 - the values of B(E2) obtained by other authors in Q-particle excita- 
tion experiments. We evaluate the uncertainty in our B(E2) values as 20-25%. In 
column 4 we list the excited state lifetimes T calculated on the basis of our 
data, and in column 5 the values of tT deduced by other authors from nuclear reson- 
ance fluorescence and electron scattering experiments. 


Reduced transitions probabilities and excited state lifetimes 


(B(E2)/e”)-10 48, cm4 c104 see 

Nucleus | 4 E, Mev ; ; 5: ; : 

Si2s | 1,77 <0,038 = ce 6,7 6 [7] 

Tits | 0,89 0,13 — se 10),056 [5] 08 

Tis | 0,99 0,14 — 0,034 [5}} 30 [60420 [8] 

Cro4 | 0,86 0,079 == 108 

Fes* | 0,885 0,070 Sense (5) erie 

Fes® | 0,815 0,20 ‘ait e 

Ni58 | 1,45 0,10 

Nieo 1,33 0,16 0.18 5.7 (444-2 (9) 

Nis? | 1,19 0,14 0,16 it 

Nis | 1,35 0,09 0,12 8,5 

Zn | 1,00 Cob iON 1ats | Re 33 

Zn® | 1,04 0,12 0:12 |0,087 [5}| 28 

zn | 1,08 0.12 23 

Ben 0,08 [6]| 54 

zr =| 0792 | \ Oe 


Note: The figures in brackets are Refs. 


For the first excited level in si28 we determined only the upper bound for 
B(E2). This is due to the fact that the energy of phe 7 -xays (1.8 Mev) ot nee 
as a result of the nuclear reaction of N ions with O virtually coincides ee 1e 
energy of the first excited level in $i28. Hence even a SEEM admixture o can 
substantially increase the experimentally determined y-ray yield. Ame ihe He P 
noted, however, that the silicon target employed in our experiments was of hig 


purity (semiconductor grade). 
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The values of B(E2) listed in column 1 for zinc and zirconium are average 

5 for mixtures of zn°4, zn66 & zn®8 and zr90 % Zr92, respectively. 

It will be evident from the table that there is good agreement as regards 
the values of B(E2) for Ni and Zn isotopes obtained in our earlier Q-particle 
experiments and in the present N ion experiments. This substantiates the gener- 
al reliability of the data obtained in our earlier study4 in which Coulomb exci- 
tation of the excited levels in Ni and Zn isotopes was investigated in a rather 
narrow range of Q-particle energies (the values of Ey were comparable with the 
energy of the nucleus-target potential barrier). 

Knapp® on the basis of the experimental data available to him draws the in- 
ference that the values of t determined from resonance fluorescence are always 
lower than the lifetime values obtained from Coulomb excitation experiments. The 
greatest difference obtains in the case of the first excited level of Ti#8 at 990 
kev (according to the Coulomb excitation measurements of Temmer & Heydenburg®? 

t = 14:10712 sec). Knapp advances the hypotheses that the divergence may be con- 
nected with the fact that the Ti#8 nucleus with 22 protons and 26 neutrons is 
close to the closed shell configuration. It will be evident from the table that 
our value of T in this case is substantially lower than the value determined from 
nuclear resonance fluorescence. 

A similar difference obtains for the first excited level of NiO, a nuclide 
with a closed proton shell. Thus Knapp's inference that T based on Coulomb ex- 
citation is systematically greater than tT deduced from resonance fluorescence 
does not appear to be justified. 


value 
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EXCITED STATES OF GaS7 snp GaS8 
sat t ss 
A.K.Val'ter, I. I. Zalyubovskii, A.P,Klyucharev, G.E.Krivets & V.A.Lutsik 


In the present work we observed the 7- 
zn®" (pny) Ga®7 and zn®7 (p,y) GaS8 
low-lying levels in Ga®7 and Ga68, 
deposition and enriched in Zn66 and zn67, 


lowing compositions: 


1) zn6 - 96.7%; zn64 - 2.1%; zn®8 - 0.6%; 
2) zn67 - 71.4%; zn66 - 15.5%; 
The proton energy was varied from 1.7 to 3.4 Mev. 


radiation emitted in the zn66(p,v)Ga§7, 
reactions for the purpose of investigating the 
The zinc targets were prepared by electrolytic 
Specifically, the targets had the fol- 


zn®7 ~ 0.4%; zn7O ~ <0.1%; 
zn68 - 8.8%; zn64 - 3.5%: zn70 — 0.8%. 
The y-rays were detected 


by means of the scintillation spectrometer described in Ref.1l. 
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Fig.1. Low energy section of 
the y-spectrum obtained in 
bombardment of the zn®® tar- 
get with 3.3 Mev protons. 
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Fig.2. Low energy section of the 7-spect 


60 U,V 


The following y-rays were detected: 73 + 5, 
170 + 3, 358 + 4, 510, 850 and 1190 kev in bombard- 
ing the zn®© target and 73 + 5, 92, 122 + 4, 182, 
296, 358 + 4, 510, 1100, 1190 + 30 and 1390 + 30 
kev in bombarding the Zn67 target. The low energy 
sections of the respective spectra are shown in Figs. 
ee 

The 170 kev y-radiation pertains to the zn66 
(p,7) GaS7 reaction and corresponds to the transi- 
tion from the first excited to the ground state of 
GaS7, Gamma-rays of this energy were observed by 
Aten et al2 in pt-decay of Ge67, We were not able 
to observe 170 kev y-rays in the Zn§7(p,ny)Ga§7 re- 
action owing to the intense 182 kev y-radiation 
from the Zn67(p,p'y)Zn97 reaction. Radiation of 
358 kev energy from Ga67 was observed both in the 
zn©6(p,y7)Ga67 and the zn®7(p,ny)Ga®? reactions. 
In investigating the (p,ny) reaction, it was estab- 
lished that there is a definite proton threshold 
energy for this radiation (Fig.3) and that it cor- 
responds to a transition from the second excited 
level of Ga67 to the ground state. This interpre- 
tation is substantiated by the presence of the cor- 
responding neutron group in the Zn67(p,n) Ga®? 


re- 
action’. The 510 kev y-line was observed from both 
targets. In the case of the Zn®? target this line 


corresponds to radiation originating in positron 
annihilation in Bt-decay of Ga®8, In bombardment 
of the zn©6 target this y-line could appear owing 
to the presence of admixtures of Zn64 and Zn67 in 
the target, but in this case should be of low in- 
tensity. The intense y-radiation in the vicinity 
of 510 kev observed in proton bombardment of the 
zn°6 target is therefore probably connected with 
the presence of y-radiation corresponding to a 
transition from a level at about 850 kev to the 
358 kev level in Ga§7, The existence of an excited 
state of about 850 kev energy in Ga®7 is confirmed 
by the low intensity y-radiation in the vicinity 


rum obtained in bombardment of the Zn 


target with protons; 1) 1.95 Mev, 2) 2.17 Mev. 
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Fig.3. Excitation of 
122 (1) and 358 kev 
(2) y-rays in proton 
bombardment of zZn§7, 
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Fig.4. Low-energy 
section of Ga®7 
level diagram. 
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of 850 kev observed in our experiments with both targets 

and also by the presence of the corresponding neutron group 
from the zn®7(p,n)Ga87 reaction?. The 92, 182 and 296 kev 
y-lines evinced in our Zn spectrum are associated with 

the zn©°7(p,p')Zn®7 reaction. Observation of the 388 kev 
line from zn©®7 is hampered by the presence of intense 7~ 
radiation of 358 kev energy arising from the (p,yv) reaction 
on zn°6, which was present in an appreciable amount in the 
zn®°? target. We attributed the 122 kev y-line observed in 
bombardment of zn67 to a y-transition in Ga®® which occurs 
as a result of the zn®°7(p,v)Ga°8 reaction and probably cor- 
responds to an excited state of Ga8 , inasmuch as this radi- 
ation does not pertain to the Zn67(p,ny)67 reaction, for 

it is observed below the threshold of this reaction (Fig. 3)* 
and is not observed in either the Zn66(p,v)Ga67 reaction or 
in Ga67=—»7n67 decay. 

Substantiation of the existence of the excited levels 
at 188, 342 and 574 kev in GaS8 detected by observation of 
neutron groups? from the Zn68(p,n)Ga®8 reaction is diffi- 
cult in investigating the Zn§7(p,y)GaS8 reaction. 

We also measured the upper limit of the y-spectrum 
in the decay of Ga®8 and the decrease in radioactivity 
with time. The limit corresponds to a y-ray energy of 
2.05 + 0.1 Mev; the lifetime was evaluated as 69 + 1 min. 
In these experiments we observed the y-spectrum above 1100 
kev. We did not succeed in resolving the individual 7- 
-lines except for y-radiation of about 1100 kev energy. 

The softest y-line of 73 kev energy is due to the charac- 
teristic radiation of lead. We were not able to determine 
the origins of the 1190 and 1390 kev y-rays. 

On the basis of our measurements we proposed the ener- 
gy scheme for the low-lying states in Ga®? shown in Fig.4. 


Physical-Technical Institute of the 
Academy of Sciences of the Ukrainian SSR & 
"A.M. Gor'kii" Khar'kov State University 
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INVESTIGATION OF GAMMA-RAYS EMITTED IN PROTON BOMBARDMENT 
OF A TARGET CONTAINING Ne20 
~- A.K.Val'ter, V.Yu.Gonchar, A.N.L'vov & 8.P.Tsytko 


Introduction 


There have been only a few studies of the low- 
mirror nucleus, Na21,1-6 


Middleton & Tail bombarded neon with deuterons and investigated the angular 


distribution of six groups of protons, found the angular momenta of the captured 
Beene and thus determined the spins and parities of some low- 
Ne“-. 


lying levels in Ne#! and its 


lying levels in 


Burrows et al? also investigated protons from the Ne29(d,p)Ne2l reaction 
and substantiated the assignments for the 1.73 and 2.78 Mev levels in Ne2l, 


Gorodetzky et al3 employed the p-y coinci- 
dence technique for investigating the y-rays from 
the Ne20(d,py)Ne21 reaction and established a 
tentative decay scheme for the low-lying levels 
of Ne2l, 

Utilizing the results of the above mentioned 
investigations, Endt & Braams’ deduced the level 
diagram for Ne2l shown in Fig.1. 

Swann & Mandeville», using 1 Mev deuterons, 
investigated the Ne20(q,n)Na2l reaction by the 
nuclear emulsion technique. They inferred the 
possible existence of a ~0.39 Mev level in Na#!, 

Marion et al© used the counter ratio tech- 
nique to detect neutron thresholds in deuteron 
Fig.1. Low-lying levels in the bombardment of Ne29 and inferred the existence 
mirror nuclei Ne?! and Na#!, of levels at ~1.46 and 2.43 Mev in the Na21 

nucleus. Bréstrém et al4# investigated the 
Ne20(p,y)Na21l reaction in the 0.5 to 1.3 Mev proton energy range and detected one 
resonance at 1165 kev corresponding to a 3.57 Mev level in Na2l, 

On the whole the characteristics of the low-lying levels in Ne21 are not 
known reliably, while the characteristics of the excited states of Na2! are not 
known at all. Yet data on the low-lying levels in nuclei with A = 21 are of 
great interest, if only for purposes of comparison with the predictions from the 
generalized nuclear model. 

In the present work we investigated the characteristics of the 3.57 Mev level 
in Na21, utilizing the Ne20(p,y)Na2l reaction. 


Experimental Method 


For accelerating the protons we utilized the 4 Mev electrostatic generator 
of the Physical-Technical Institute of the Ukrainian SSR Academy of Sciences, 
which is characterized by a high degree of stabilization and uniformity of the 

8 
eerie net targets were prepared by injection of 10 kev Ne20 ions into a tanta- 
lum backing in a magnetic separator. The effective thickness of the targets was 
~6 kev for protons of about 1 Mev energy. Such targets withstood a current of 
~5 wa for many days without significant distortion of the results. 

For determining the excitation function the y-ray detector was a scintilla- 
tion counter with a CsI(T1) crystal coupled to a discriminator and counter. The 
discriminator threshold was set to record y-rays of >1.5 Mev energy. 
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The y-ray spectrum was measured by means of a scintillation spectrometer with 
a 2x 3 cm CsI(T1) crystal operated in conjunction with a multiple channel pulse 
height analyzer with an ultrasonic memory. The characteristics of this set-up are 
described in Refs.9 & 10. 

The B-activity was detected and measured by means of a special target chamber 
with a thin window for the passage of B-particles. The target was irradiated with 
protons; then the proton beam was cut off and the target rotated 180° and posi- 
tioned opposite the window. The B-particles passing through the window were re- 
corded by a scintillation counter with a 3 cm diameter, 0.2 cm thick CsI(Tl) crys- 
tal subtending an angle of about 1 steradian. 

In measuring the y-ray angular distribution, we used a rotatable (O to 150° 
to the right and left) scintillation counter with a discriminator and counting de- 
vice. By way of monitor we used a similar scintillation counter mounted at a 
fixed angle of 90° to the proton beam. To correct for errors connected with mis- 
alignment of the target center relative to the axis of rotation of the counter, 
we measured the spherically symmetrictl angular distribution of 8.04 Mev y-rays 
from the Si30(p,v)P31 reaction at E, = 620 kev. The deviation of this angular 
distribution from the purely symmetric amounted to less than 6%. These data were 
then used for making the appropriate corrections in the results for the angular 
distribution from the Ne29(p,y)Na2l reaction. 

For the purpose of determining the absolute y-ray yield from the Ne20(p,y)Na2l 
reaction, we evaluated the efficiency of the scintillation counter for ~3.5 Mev 
y-rays by calculation. The proton beam current was measured by a calibrated cur- 
rent integrator operating on the principle of charge storage in a capacitor with 
periodic discharge through a neon gas discharge tube. 


Measurement Results 


rm 
1390 
; Ep,kev 
Fig.2. Resonance peaks of y-rays from target containing Ne20, 


1935 1370 


= 221 - 


Fig.3. Gamma-ray spectra: a) resonance 1 (Fig.2), F19(p,ay)016 reaction; b) reson- 
ance 2, n15(p,ay)c12 reaction; c) resonance 6, Ne20(p,v)Na2l reaction; d) reson- 
ance 7, N195(p,qay)C1l2 reaction. 


Fig.2 shows the variation of the y-ray yield (in relative units from a tar- 
get containing Ne20 with the energy of bombarding protons (0.7 to 1.4 Mev). In 
all, we detected nine resonances at the energies listed in Table 1. In this 
table we also give the experimental widths of these resonances at half-height (I). 

Targets bombarded with protons of the resonance energies were investigated 
for the presence of B-activity. The results of these measurements are also shown 


in Table 1. 
Table 1 We then investigated 
Characteristics of resonance peaks (Fig. 2) the spectra of the y-rays 
emitted from the targets 
eal 2 ey at all nine resonance ener- 
ee mete’. pe Pedecaye |:F7, Mev IIIS gies. Some of these y-ray 
Seared oo |e eee |e ee! |e spectra are shown in Fig.3. 
The energies of the y-rays 
4 875 | 42 = { a \ Fi8'(p, @y) 0% emitted by our target at 
2 | 901 | 4.5 ts 4.5 N45 (p, ay) Cl different proton energies 
3 | 935] 144 | — 6,74 Pp cy) 0 are listed in Table 1. 
Sais Oza lg Pam bene ian ak - We identified the re- 
Bp pete se : ar 4,87 \ N4 (p, y) 0% actions responsible for 
eal ete “ ee 360 Ne® (p, y) Na® each resonance by comparing 
7 | 4210 | 22 x. 4,5 N(p, ay) Ci? our data on the resonances 
ae os Flo (p, @ 7) 018 and the y-radiation and 


period of the final nuclei 
with the corresponding data 
in the literature. Thus, 
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Table 2 from a comparison of the data on the F19(p,ay) 016 


y-Rays from the F19(p,ay)016 reactionl2 with our data (Table 2) it may be infer- 


reaction 


red that resonances Nos.1,3 & 9 (Fig.2) indicate 
the presence of traces of fluorine in our target. 
It will be evident from Tables 3 & 4, wherein our 
results are compared with the data of Refs.13 & 14, 
that resonances 2,5 & 7 (Fig.2) indicate the pres- 
ence of two nitrogen isotopes, namely, n14 and N15 
in our target. It must be noted that, owing to 
their low intensity, we were not able to observe 
resonances having a width appreciably greater than 
the thickness of our target (~6 kev) - for example, 
the resonance in N14 at E, = 700 kev and in N15 at 
1050 kev; also, we did not observe resonances with 
a width of the order of the thickness of our target 
but having a low y-ray yield - for example, the 
numerous weak resonances of fluorine. 


Table 3 
Resonances of y-rays from the N14(p,v)015 reaction 


Present work 


700 +30 40-430 8,00 
1064-2 4,8-+1 8,340 | 2 min 5 1064 8 3 min 
1550+-20 50-20 8,79 

Table 4 


Resonances of y-rays from the N15(p,qy)cl2 reaction 


Present work 


898 Do, 800 12,95 2 904 4,5 
4050 150 15 13.09 | 4,43 4,5 
1210 | 22,5 300 13,24 7 1210 22 ; 


We were not able to attribute resonances 4 and 8 to any known reaction; how- 
ever, it may be inferred from the appearance of the Y¥-spectra and the B-activit 
that they do not pertain to the Ne20(p,y)Na2l reaction. ‘ 

Resonance 6 (E, = 1175 kev) undoubtedly belongs to the Ne“ (p,y)Na21 reac- 
tion; this follows from the agreement of the B-activity half-life determined b 
us (26 sec) with the half-life given in Refs.15 & 16 (23 + 2 sec and 22.8 +0 : 
sec, respectively) and also from the agreement of our experimental Laide for the 
y-ray energy (3.60 Mev) with the Q value for the Ne20(p,y7)Na21l reaction deduced 
ae the mass defect values given in Ref.7. For Ne20 A = -1.137 + 0.007 Mev f 
Na“;A = 3.99 + 0.03 Mev and for the proton,A = 7.5845 + 0.0014 Mev; wheats , cal 


Q = Ane® a Ay —- Anan =2,46 Mev 


Thus the energy of the excited state correspond 
resonance energy should be ponding to the 1175 kev proton 
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— Myew : 
W=@+ | ine +H, = 3.58 Mev 

Careful measurements of the y-ray spectrum from the Ne29 (p, 7) Na21 reaction 
at Ep = 1175 kev showed that there is one strong 7y-line of 3.60 Mev energy cor- 
responding to the transition to the ground state and that the cascade transitions 
amount to less than 10% of the direct transitions (see Fig.3). 

We then investigated the angular distribution of the 3.60 Mev y-rays from 
the Ne20 (p,7)Na21 reaction at E, = 1175 kev; the average results after appropri- 
ate correction for misalignment of the target are shown in Fig.4. Reduction of 
the experimental points by the method of least squares leads to the following 
expression for the angular distribution function 


f(@) = 1 - 0.36 cos2 9 + 0.02 cos* @ 


hens @ is the angle between the emitted photons and the incidence of the proton 
eam. 

Measurements of the absolute y-ray yield from the Ne20(p,y) Na2t reaction 
yielded a value of 4-10711 photons per proton. 

The y-ray yield from our target for the resonances pertaining to the 
F19(p,ary) 016 reaction was 810711 photons per proton, which indicates that the 
amount of fluorine in our target was less than 10-4 relative to the amount of Ne29, 


Discussion 


To determine the spin of the 3.58 Mev level in Na21, we calculated the angu- 
lar distributions for dipole and quadrupole y-transitions from a departure level 
with spin values ranging from 1/2 to 7/2 to a level with spin 3/2. i.e., to the 
ground state of Na2l1. These calculated angular distributions together with the 
experimental distribution function are shown in Table 5 and Fig.4. 


Table 5 


Multipole order Angular distribution Curve in Fig.4 


Transition 


7/2—»3/2 Quadrupole 1 + 3.64 cos2 @ - 2.7 cos* @ a 
5/2—-3/2 : 1 - 1.87 cos? 6 + 2.5 cos* @ b 
5/2—3/2 Dipole 1 - 0.5 cos? 9 c 
3/2—+-3/2 i 1 + 0.75 cos? @ d 
3/2—-3/2 Quadrupole 

1/2—3/2 “i } reotronie e 
1/2—+3/2 Dipole 

Experimental Dipole + 4% A 

(5/2+—»3/ 2+) quadrupole 1 - 0.36 cos? 9 + 0.02 cos* @ si 


Comparing the experimental distribution with the calculated ones, we came to 
the conclusion that the spin of the Na2l 3.58 Mev state is 5/2 and that the trans- 
ition to the ground state is primarily a dipole one. 

It must be noted, however, that the experimental angular distribution devi- 
ates somewhat from the calculated distribution for pure dipole radiation, watch 

can be explained by assuming that there is a small admixture of quadrupole radi- 
ation. The angular distribution calculated for a mixture of dipole and quadru- 
pole y-transitions!7 is in good agreement with the experimental distribution ste 
we assume E2/M1 = 0.04. From the Ml + 4%, E2 character of the transition it fol- 
lows that the parity of the 3.58 Mev level in Na2! is even (+). 
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Thus the spin and parity assignment for the 3.58 
Mev excited level in Na2l is 5/2+. 

In the mirror nucleus, Ne2l, there is a correspond= 
ing level at 3.73 Mev. (Fig.1) for which Middleton & Tai 
proposed a number of possible assignments, namely, (5/2+, 
3/2+) and (3/2-, 1/2-). In view of the correspondence 
of these levels, it may be unambiguously inferred that 
the spin and parity of the 3.73 Mev level in Ne21 are 
5/2+. 

The authors express their deep gratitude to M. I. 
Guseva for preparing the Ne20 targets and to E.V. Inopin 
for his interest in the work and helpful discussion of 


the results. 
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EFFECT OF SCREENING ON THE PROBABILITY OF EO-CONVERS ION 
ON THE K AND L SHELLS AT LOW ENERGIES 
- M.A.Listengarten and I,M.Band 


The multipole order of a transition is determined, first, by the angular 
momentum / transferred to the gammas or electrons when the nucleus undergoes 
transition from the state with spin I; to the state with 
\4i:—-l,|<L<i,+1,), and, second, by the parity difference between these two 
states. If L= 0 and there is no parity change, the transition is called an 
electric monopole, and written EO. 

Since a single photon cannot have angular momentum less than unity, an EO 
transition takes place by means of internal conversion (which includes pair con- 
version, if the transition energy > 2 mc’). BO-conversion owes its existence 
to the interaction of the electron with the nuclear charges during the time the 
electron spends inside the nucleus. 

The interest in EO-conversion has recently increased considerably. This is 
because, first, the EO matrix element is more closely related to the nuclear 
structure than are many conversion and radiation matrix elements of higher multi- 
pole orders. Second, it has been shown that EO-conversion is possible not only 
in 0-0 transitions,1-3 but also in the more extensive class of transitions be- 
tween any levels with equal spins and parities. In the latter case, EO-conversion 
competes successfully with possible Ml and Ml + E2 transitions.4,9 


The probability W for EO-conversion can be written as the product of two 
factors Q (k, Z) and 0’: 


7 ee a 
W = 20) 1) $e [Frey E = OJ ertidecey 
if | Pp 
where ¢(r) is the electron wave function, ¢(r,) are the nuclear (proton) wave func- 
tions, a is the fine structure constant, and Z is the atomic number; the integral 
is taken over the entire volume of the nucleus; e is the nuclear part of the ma- 
trix element. Up to terms of order rj 


= Silei GBY nee, @ 
Dp 


where R, is the nuclear radius. The reduced probability Q(k, Z) for EO-conversion 
is calculated by inserting into (1) electron wave functions whose radial parts 
f(r) and g(r) can be expanded for small r in the forms 


spin J; (where 


=0(,2)-p% (1) 


foo} [oe) 
fg(r) = ayn! S) ag and Be (r) = aur SY Br, (3) 
n=0 n=0 
where x=+(j+1/2) when j=/-+1/2, where 7 and / are the spin and orbital angu- 
lar momenta of the electron. Sliv and Volchek® give recursion formulas for the 
and bn. 
4 It follows from (1)-(3) that for conversion on the K, Ly, and Lyy shells 


Q (ke, Z) = SF atatR’. Se 


Church and Weneserl,2 have calculated (k, Z) for transition energies oe 
the threshold for K-shell conversion. They did not, however, take into eae 
the effect of screening on the continuous-spectrum wave Rune» og was aie 
that at large energies the es of oes Geta accge HeErE Ty Spee tate 

or involved energies up to some - “Ar das : 
era despite the fact that for heavy nuclei it is the one Ot egal 
low 200-250 kev that is of particular importance. Now, the proba y 
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-conversion increases rapidly with increasing Z, and in general the role of EO- 
-conversion increases with decreasing energy. One might ERTS expect that 
(provided there are levels with appropriate spins) it is just in this region of 
Z and energy that EO-conversion will be most important. 

We calculated the electron wave functions, the amplitudes a; and a; and 
Q(k, Z) for conversion on the K and L shells to transition energies 5 kev above 
threshold, taking screening and finite nuclear size into account. The discrete 
and continuous spectra electron wave functions were obtained using a model in 
which the nucleus is represented by a uniformly charged sphere of radius A) = 
1.20 Al/3-10-13 cm, together with the Fermi-Thomas-Dirac statistical model of 

the atom. For more details concerning 
the calculation of these functions, see 

(WP), sec! Sliv and Band.17 

19? It was found that the effect of 
screening on the continuous-spectrum wave 
functions hardly changes the reduced pro- 
bability for EO-conversion even at low 
Be es a energies. In the Sj/2g state the a; ampli- 
tudes we get are lower than the Coulomb 
amplitudes obtained by Sliv and Volchek® 
for a nucleus of finite size by 1% when 
the electron is in the continuous spec- 
trum with energy E = 2 (in mc? units), 
and by 1% (Z = 49), 1.5% (Z = 73), and 
2.5% (Z = 98) when E = 1.1-1.2. 

Correspondingly, the reduced proba- 
bility for EO-conversion should drop by 
2% for all Z at 500 kev above threshold, 
and by 2% (for Z = 49), 3% (for Z = 73), 
and 5% (for Z = 98) at some 50-100 kev 


= 


107 


10a 
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hw 
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Fig.1. Probability for EO-conversion on the Ly shell, divided by 02 for several 

values of Z, as a function of the transition energy k (in units of mc”). For 

comparison, we show the probability for Ml and E2 conversion on the L shell (Z = 

= 98) according to Sliv and Band? and Moszkowski2 (dashed lines). The dot-dash 
line shows the threshold for Ly-shell conversion. 

Fig.2. Ratios of probabilities for EO-conversion on the Ky and L shells 

for several values of Z as a function of the transition energy k (in 

units of mc?). The dashed line gives, for comparison, the K/Ly ratio 

for Ml transitions (Z = 98). The dot-dash line shows the threshold for 

K-shell conversion. 
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,above threshold. This decrease should be even greater at the threshold. 
son with the results of Church and Weneser2 shows* that for computation purposes 
their values for (k, Z) should be reduced by 8% (Z = 98), 6% (Z = 73) and 2% 

(Z = 49) at energies close to threshold. 

It should be noted that according to our results a not much smaller correc- 
tion to Church and Wesener's values is also required for higher energies up to 
50C kev above threshold, although from a comparison of our results with those of 
Sliv and Volchek®, it would appear that the correction for screening should de- 
crease more rapidly with increasing energy. 

The function Q(k,Z) is very sensitive to the choice of R, (it is proportion- 
al to fj). We used the same values of R, as those given by Band et al.8 We have 
not presented the curves giving 2 (h, Z) for the K shell, inasmuch as here the cor- 
rection to Church and Weneser's figures is small, and if it becomes desirable to 
calculate it, the figures given above serve. Since, however, there may exist EO- 
-transitions that can go only by means of conversion on the Ly shell, we give in 
Fig.l the values of (/(k,Z) for Z = 49, 61, 73, 84 and 98 for low-energy conver- 
sion on the Ly shell. Conversion on the Lyy shell is not substantial, and it can 
be found by extrapolation of the Ly/Lyz ratios given by Church and Weneser. 2 
Conversion on the Lyyyz shell is altogether negligible. Fig.1 can be used together 
with the experimentally found value for the probability of EO-conversion on the 
Ly shell to determine the parameter o, which is of significance in nuclear theory. 
The more accurate value for the K/Ly ratio is in Fig.2. It is up to 4% lower than 
the value given by Church and Weneser (in the range of low energies). For EO and 
Ml the K/L ratios are almost identical, whereas the K/Ly ratios differ. This dif- 
ference may sometimes prove useful in identifying low-energy EO-transitions. 

We thank L.A.Sliv and B.S.Dzhelepov for their interest in the work. 


Compari- 
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ane ee creren and Weneser's# Fig.1 the curve identified as Z = 80 peeiaaty per- 
tai to Z =-85 For this reason the Ga values given by Peker and Sliv™ for the 
ee 5 for the 334 kev trans- 

191 kev transition in Aul97, and by Gerholm and Pettersson® for the 


ition in ptl9® are too low by a factor of two. 
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SELECTION RULES IN CONVERSION TRANSITIONS 
- M.E.Voikhanskii & M.A,.Listengarten 


Sliv and his coworkers! showed that taking finite nuclear size into account 
may often be important in calculating internal conversion coefficients (ICC). 
They also indicated that the contribution ot the ICC from the intranuclear region 
is generally so small that the dependence of this contribution on the details of 
nuclear structure cannot significantly affect the final ICC value. It has been 
found?, however, that this last inference is not true when the y-transition in- 
volved is highly forbidden (as compared with the Weisskopf-Moszkowski 3 estimate). 

The conversion probability is given by the sum of two matrix elements: an 
intranuclear and an extranuclear element, i.e., one pertaining to the region in- 
side the nuclear boundary, the other to the region external to it. The first 
element <M.) may be governed by entirely different selection rules than the 7- 
-ray matrix element (U,> and the extranuclear element? which is proportional to 
the y-ray element. If the selection rules are such that they reduce the proba- 
bility of y-radiation and extranuclear conversion without affecting the magnitude 
of the intranuclear matrix element <M/,), the contribution of the nuclear region 
to the conversion will not be small and the ICC will depend significantly on the 
details of the nuclear structure. In this case accurate measurements of the ICC 
can yield important information on the structure of the nucleus. 

In this connection the question of the selection rules for conversion in for- 
bidden y-transitions becomes significant. Church & Weneser? mention three types 
of forbidden Ml y-ray transitions for which it is feasible to determine the selec- 
tion rules. These inhibitions are /-forbiddenness, forbiddenness of the Ml com- 
ponent in 24+-»2+ transitions between vibrational levels of spherical nuclei, and 
"accidental" forbiddenness of Ml transitions in deformed nuclei owing to near 
equality of the gyromagnetic ratios of the core and of the particle structure 
(also see Reiner?) . Nilsson & Rasmussen® added to the above, rules for El and Ml 
transitions inhibited with regard to the quantum number K (the projection of the 
total angular momentum on the nuclear axis) and to asymptotic quantum numbers in 
deformed nuclei. They found that K-forbiddenness affects <M,.> and <U,> in the 
same way, so that the value of the ICC remains normal. Nilsson & Rasmussen were 
not able to establish a correlation between the asymptotic quantum number inhibi- 
tion of <(M,> and (U,> and anomalies in the ICC. Of the cases considered by Nils- 
son & Rasmussen, anomalies in the ICC were definitely established® only for the 
26 and 60 kev transitions in Np237 and the 106 kev transition in Pu239, Further, 
whereas for the transition in Pu239 (M.> is allowed and <U, is forbidden, in 
the case of both transitions in Np237 both <M.) and <U,) are inhibited so that 
no ICC anomalies should appear for these transitions. Yet actually the anomalies 
in all three transitions are virtually the same: the Ly and Lyy conversion coef- 
ficients are anomalously large. 

Nilsson & Rasmussen deduced selection rules only for El and Ml transitions. 

In the present communication we propose general selection rules with respect 
to the asymptotic quantum numbers for the intranuclear matrix element <M,)> in 
conversion transitions of any multipolarity in deformed nuclei. In addition’ we 
ae more precise the Nilsson & Rasmussen selection rules for electric transitions 
y using the complete expression for the nuclear current. 


1. Intranuclear conversion matrix elements 
a ee ee ee eee ae 


The influence of nuclear structure on the ICC is characterized by the dimen- 
sionless parameter }=<M,>/<(U,. In the case of magnetic dipole transitions 
the ICC depends only on the parameter ae In electric multipole transitions. 
the ICC may depend on two parameters’ jt) and i), inasmuch as the exprescion 


—Sa208— 


‘for pee ecutc |. {pote transition currents contains® two spherical vector func- 
hions  Y\.> and) Yj-.-< Using only the first term in the expansion for <(M,.), we 
readily obtain2,7 


1+-2 
| x1) (=) zs dt 2 
lm Ro/ ( e 
Se 7 caeae xg perme gl 1818 Bg (aa e (1) 
Oe ist. ; isla. 
\ ax) ( = dt \avi) z) ax 


Here the integral is taken only over the volume of the nucleus, R, is the 
nuclear radius, J is the nuclear transition current, which, as usual, can be taken 
as the sum of a convectional (orbital) and a spin current, 


70 


e . : - 
a Mi {pj V9; == (Vos) di} + or rot bys di, (2) 


¢; and ¢$; are the nuclear wave functions of the final and initial states of the 
nucleon, Mis the nucleon mass and yw is the nucleon magnetic moment. From (1), 
(2) and the properties of spherical vectors,® we arrive at 


(Ml) 
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Here we have written (My) =) b)Mdidt and a similar expression for <(U>. By 
k we denote the transition energy in units of m,c?, by L the orbital angular momen- 
tum operator, also we write n=r/|r|. 

The denominators in (3) and (4) are the familiar expressions for the matrix 
elements of magnetic and electric multipole moment operators for transitions from 
state i to state f.3 The asymptotic selection rules for these matrix elements 
have already been given both for special cases? and in general form for arbitrary 
multipoles!9, Below we examine the selection rules for the operators in the numer- 


ators of (3) and (4). 


2. Electric multipole transitions 
i 


The intranuclear transition operator (the EOE es (4)) Soe two 
terms, the more important of which is that containing M;,’. The M™M, ea De OW 
be regarded as a correction, which was not considered by Nilsson & Rasmussen’. 

It can be shown, however, that selection rules Geetereny from those for the lead- 
ing term ME) are obtained only from part of the M; operator, viz., from 
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Boh Ta = 1) Yipm+i (8x — tsy) + 
Mie Bip a | tl 
eV LE Cree ee (7) 


Let us denote the remainder of the numerator of (4) by Mori Table 1 aati 
selection rules for intranuclear transitions of any electric multipolarity for 
Maxx and Myr; separately. We may write 


Nie = AM®) + BM — May - (8) 


The tabulated selection rules for Mr; for l= 1 are identical with those 
by Nilsson & Rasmussen for El transitions. 
ened Table 1 
Asymptotic quantum number selection rules for the matrix elements of electric 
multipole intranuclear transitions in deformed nuclei 
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Column 2 in Table 1 gives the change in K involved in the conversion transi- 
tion of multipole order /. Since for any given AK — K,;— K;, the transition that 
takes place is that of lowest possible multipole order, we treat only the values 


AK =+1; +(1—1). (9) 


The case !=2, Ki=K,;+0 is an exception. Here we must also consider AK — 
=l1—2=0. Columns 3-6 give the selection rules with respect to the asymptotic 
quantum numbers A,»5,N and nz of the deformed nucleus (A is the component of the 
orbital angular momentum along the symmetry axis of the nucleus, Dis the same 
component of the spin, N is the principal oscillator quantum number, and nz, is 
the quantum number associated with nucleon oscillations along the z axis). The 


listed values of AA, AY, AN and An; are the allowed values. Although AK, AA and 
Ax are related according to 


— es Aa tx. 
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DB Kee Adie AS. (10) 
we have included the rules for all three quantum numbers for greater clarity. 
Thus, it will be evident that the transitions due to Mpri do not involve change 
in % and that AN is always a multiple of two. The table does not include the 
case AN= 4 for / = 2, actual transitions always take place with the minimum pos- 
sible change in N. Only the values of AN and Anz given on the same line are com- 
patible. The values of AN and Anz do not depend on the signs of AK and AA. 

The listed selection rules were deduced for single-particle transitions in 
highly deformed nuclei between states with /;=Q;=—K; and Te Oy (where 77 
is the nuclear spin and 2 is the projection of the nucleon spin on the symmetry 
axis). This eliminates K-forbidden transitions and transitions to levels of ro- 


tational bands. These latter transitions can be taken into account by means of 
the intensity rules of Alaga et al.ll 


3. Magnetic multipole transitions 


Table 2 gives the selection rules with respect to the asymptotic quantum 
numbers for the intranuclear matrix element /‘" (the numerator in Eq. (3)) for 
magnetic multipole transitions in deformed nuclei. The table is constructed in 
the same way and the notation is the same as in the electric multipole case, and 
the calculations were performed under the same_conditions. Church & Weneser? have 
shown that the operator containing the term n(sn) from M‘\”” leads to new selec- 
tion rules which are different from the J‘“” rules with respect to the angular 
variables. 

Table 2 
Asymptotic quantum number selection rules for magnetic multipole 
intranuclear transitions in deformed nuclei 
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In the present case we get new selection rules for A and &. The remaining 


terms in M 1ead to new selection rules only with respect to N and nz. For | = 
= 1. the selection rules given by Table 2 are identical with those given by Nils- 
ee Rasmussen, while the Me operator agrees with that deduced by Church & 


Weneser. 
4. Electric dipole transitions 
fe BS Se ee eee 
The sum b,(-) +-c,(+) entering into the expression for the ICC of electric 
multipoles” can be written 
ay : > (El 
,, E+ DE + 2) + 21 +2)8 unk 5 ee Cre) ee me » (11) 
(er 2) (204-3) ae, AMR? [(2e + 1) (2 + 2) + (20 + 2)3] UE» S 


The values of b, and c, for conversion on the K shell have been tabulated by Green 
and Rose.’ The x index refers to the electron state in the continuum; x is equal 
to 1 and to —1/—41 (for the K-and Ly shell), and to —/ and /!+1 (for the Lyy 
shell). Green and Rose state that 6=0 for x=-—/—1 and that forx=/, 6 

is very small for low transition energies for all / other than /=1. In the last 
CaSe,mo 11) /2etOreans et transition of a K electron to a py, state of the continuun. 
Analogous calculations for the L shell have shown that 6 is zero or very small 

for small k except for El transitions to p,, states from the Ly shell or to s,, 
states from the Lyz shell, when we again have 6=~1/, for Z = 92.* In this case 
the factor multiplying jM‘* will be of the order of unity for k= 0.3, and larger 
for lower energies. (These considerations do not apply to lighter nuclei, since 
intranuclear conversion is then precluded. 

Thus we see that electric dipole transitions differ from all other low-energy 
radiative and conversion transitions in the role of the spin term. It is not inm- 
possible that in low-energy El transitions in heavy elements with a high degree 
of forbiddenness spin flip of a nucleon may contribute significantly to conversion 
inside the nuclear matter when the electron undergoes a s),— p),transition. Physi- 
cally this is related to the fact that only 5), and p:, state wave functions do not 
vanish as 7 tends to zero. It is just this situation which may give rise to the 
anomaly in the Np237 ICC. In contrast to all other known El transitions in heavy 
nuclei, strongly forbidden by the asymptotic quantum numbers,” the 26 and 60 kev 
transitions in Np237 involve unit changes in }. According to our selection rules 
(Table 1), such a & change is allowed for the 7, operator that enters into MES 
and this causes the anomalies in the Ly and Lyy internal conversion coefficients. 
Since, however, Anz = 2 in this case, this explanation will hold only if we as- 
sume that the selection rules for © and A inhibition predominate over the rules 
for nz forbiddenness, at least as regards intranuclear transitions. At present 
there are no further arguments for or against this. 


Scientific Research Physical Institute, 
"A, A. Zhdanov" Leningrad State University 


*The L-shell calculation of § was performed by L.Myunkhov, student at Lenin- 
grad State University. 
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- 234 - 


EQUIPMENT FOR MEASUREMENT AND STABILIZATION OF THE MAGNETIC FIELD 


IN SPECTROMETERS 


- Yu.S.Egorov, D.M.Seliverstov, G.D.Latyshev & A, I. Zhernovoi 


Precise measurement and stabilization of the magnetic field are of paramount 


importance in working with high-resolution spectrometers. 


For example, with a 


relative line half-width of 0.03%, the requisite degree of stabilization must be 


better than 1 part in 2-105, 


In connection with the fact that high-resolution 


spectrometers, as a rule, have a low transmission factor stabilization of the mag- 


netic field over long periods is a prime requirement. 


The range of magnetic fields employed in modern magnetic spectrometers for 
investigating nuclear radiation extends from a few oersted to two-three thousand 


oersted. 


The magnetic field meters and stabilizers described in Refs.l & 2 are only 
suitable for stabilization of magnetic fields from 120 to 150 oersted and up. 


1-64 


Fig.1. Block diagram of field meter and stabilizer: 
1) magnet, 2) modulating coil, 3) probe, 4) current 
to spectrometer magnet, 5) regulating current, 6) 
field stabilization indicator, 7) control tubes, 8) 
de amplifier, 9) phase detector, 10) pulse shaper, 
11) hf oscillator, 12) I - first hf amplifier, II - 
second hf amplifier, 13) detector, 14) hf amplifier, 
15) phase shifter, 16) 15 cps amplifier, 17) 15 cps 
generator, 18) vacuum tube voltmeter, 19) 100 kc 
quartz crystal oscillator, 20) frequency indicator, 
21) discriminator (frequency detector), 22) 0-500 
cps amplifier, 23) mixer, 24) 10 & 20 ke multivibra- 
tor, 25) oscillograph. 


substance in the nuclear absorption pickup. ® 


A diagram of the nuclear absorption pickup is given in Fig.2. 


The present research 
was undertaken for the pur- 
pose of developing a uni- 
versal field meter and 
stabilizer for spectrome- 
ters. The block diagram 
of the equipment is shown 
in Fig.l. The operation 
of the equipment is based 
on nuclear magnetic reson- 
ance. 

The main difficulty 
in designing such equipment 
lies in obtaining a satis- 
factory signal-to-noise 
ratio in the range of mag- 
netic fields under 100 
oersted. 3-5 

The effective measure- 
ment range of our equipment 
is from 3 to 2500 oersted; 
the effective stabilization 
range from 10 to 2500 oer- 
sted. We succeeded in ex- 
tending the operating range 
into the region of lower 
fields by utilizing the 
method of premagnetization 
of the water which is used 
as the hydrogen containing 


Water from 


the city mains (at 1-2 atm pressure) enters the chamber of the iron clad electro- 


magnet. 


By virtue of the directing spiral and baffle desi i 
gn, the water remains 

the maximum possible time in the magnet gap at the set preaaires 

magnet has an inside diameter of 450 mm; the height of the magnet is 600 mm 


The jacketed 
The 


diameter of the pole pieces is 200 mm; a field of 5000 oersted is maintained in 


the 25 mm gap. 


The iron jacketing of the magnet reduces the stray flux, which is 


necessary to obviate the influence of the magnetizing field on the magnetic field 
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of the spectrometer. In our design the distance 
between the magnet and probe is 0.5 meters; the 
stray field from the jacketed magnet at this dis- 
tance is less than 0.1% and hence has no noticeable 
influence on the magnetic field in the spectrome- 
ter. Our probe was a hollow cylinder wound with 
100 turns of PE-0.2 (enameled) conductor and was 
mounted in the gap of the spectrometer magnet. 

Use of the premagnetization of water proce- 
dure makes it possible to reduce the signal-to- 
noise ratio by a factor of 100 in the region of 
weak fields and thus extend the effective measure- 


Fig.2. Diagram of nuclear sig- 
nal pickup with premagnetiza- 
tion of flowing water: 1) 


probe proper, 2) winding, 3) ment range down to 3 oersted. At a field of 10 
premagnetization, 4) iron clad oersted the signal-to-noise ratio was 20. This 
magnet, 5) water line. Signal-to-noise ratio allows of utilizing the nu- 


clear absorption signal for stabilizing the spec- 
trometer field. 

By way of nuclear absorption signal indicator we used a low amplitude high 
frequency oscillator circuit of the type described in Refs.4 & 8. 

As compared with the bridge circuit used earlierl,2, the present circuit is 
more sensitive and simple in operation. Formerly three interchangeable probes 
were used to cover the range from 3 to 2500 oersted: the first pickup with flow- 
ing water was used in the 3-150 oersted range; the second pickup for the 40-250 
oersted range was made in the form of a plexiglass cylinder filled with distilled 
water plus 0.5% FeCl3 solution; the third pickup for magnetic fields above 200 
oersted was filled with a saturated solution of LiCl with the addition of satu- 
rated FeCl3 solution (1/50 parts by weight). By virtue of the fact that the gyro- 
magnetic ratio for Li is almost 2.6 times greater than for protons, it was feas- 
ible to narrow the frequency range of the high-frequency oscillator. 

Proton resonance was utilized for measurement and stabilization of magnetic 
fields in the 250 to 1000 oersted range; resonance of Li nuclei,in the 1000-2500 
oersted range. 

Making use of the expression for the noise-to-signal ratio from Ref.3, 


oi = KENyI (I +1) ( More ‘i 
n IS 
(where K is a constant coefficient for lithium-proton probes, ¢ is the part of 
the probe volume occupied by the resonating nuclei, N is the number of resonating 
nuclei, is the gyromagnetic ratio, I is the spin of the resonating nucleus, vy 
is the frequency of the electromagnetic oscillations in the probe, Tj is the spin- 
lattice relaxation time and Tg is the spin-spin interaction) , we found that with 

a lithium-proton pickup the signal-to-noise ratio for protons at a magnetic field 
strength of 100 oersted is equal to the signal-to-noise ratio for lithium nuclei 
at 1000 oersted. The signal-to-noise ratio for protons at 100 oersted was evalu- 
ated to be 30. ; 

Thus with a lithium-proton probe one can attain a fully satisfactory signal 
suitable for stabilization of magnetic fields in the range from 100 to 2500 oer- 
et working with nuclear spectrometers accurate measurement of the relative 
magnetic field strengths in a wide range is very important; hence it is desirable 
to have the smallest possible number of probes for field measurement and stabi- 
lization. This is due to the fact that owing to inevitable variations in the 
geometric position of the probe there arise errors due to discrepancies between 
the measurements with different probes. 
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Fig.3. YaM-3 unit: nuclear resonance signal indicator. /|/ = Tube, FSs = frequency 

stabilization control, FS = frequency stabilization control, FD = frequency 

deviation control, OLC = oscil. level control, coarse, OLV = oscil. level control, 
continuously variable, SA = signal amplitude. 


With the new arrangement involving premagnetization of the flowing water our 
single probe covers the range from 3 to 1000 oersted, which in our instrument® 
corresponds to the Hop range from 24 to 8000 gauss cm. 

For obtaining the nuclear absorption signal we utilized the modification of 
the Franklin oscillator proposed by Pound & Knight8 (tube 7 20 in Fig.3). 

The potentiometer incorporated in the cathode circuit allows of setting the 
oscillator operation so as to utilize the steepest section of the grid-plate 
characteristic. The oscillation amplitude is set under 0.1 v by applying a bias 
to the right-hand grid of the second half of the triode. To maintain a constant 
oscillation level in a wide frequency range the rectified hf frequency from the 
detector load, which is determined by the mean current in the detector, is applied 
to the right grid of the 7120 tube. 

The indicator circuit incorporates a wide-band amplifier designed about two 
6Zh5P tubes (121 & 122). The passband of the amplifier is designed to be in the 
10 ke to 5 Mc range at a level of 0.7 with an amplification factor of 40 at medium 
frequencies. This amplification factor for the high frequency voltage is suffi- 
cient for providing the initial coupling bias on the grid of the oscillator tube. 
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, The time constant (12 sec) of the feedback circuit was chosen from considerations 
of filtration of the low frequency voltage appearing at the detector load and for 
suppressing parasitic amplitude modulations. A 6Kh2P tube (124) is used as the 
detector. 

After the detector the nuclear absorption signal goes to the input of the 
low frequency amplifier, which has provision for regulating the signal amplitude. 
The gain of the amplifier can be varied continuously from 0 to 2000 with a pass- 
band of 10-40 cps. This frequency characteristic of the amplifier allows of re- 
ducing the noise amplitude, which is important in working in the range of low 
fields. 

In modulating the magnetic field with a frequency of 15 cps (the modulation 
amplitude is less than the width of the nuclear absorption signal), the entire 
absorption signal spectrum lies within the frequeney characteristic of the low 
frequency amplifier (15-30 cps). The signal from the low frequency amplifier is 

_applied to the stabilization unit and the oscillograph for visual observation. 

In earlier field stabilizer designs bridge circuits supplied from regulated 
hf voltage sources were used for indication. In using a low amplitude oscillator 
as the nuclear absorption signal indicator, the oscillator frequency must be rigor- 
ously stabilized (the requisite frequency stability is 10-4 per hour of operation). 

For stabilizing the frequency in the given equipment we used a 6Zh5P react- 
ance tube (/i30). The operating regime of the tube is chosen so that the alternat- 
ing component of the sinusoidal voltage on its plate lags x/2 in phase behind the 
plate current. Thus the reactance tube can be regarded as a capacitance with the 
Tube plate connected to the LC circuit of the oscillator) .9 

Since C, ~kS, where k is a constant for the given circuit and S is the grid- 
plate transconductance, C, will vary as a function of the bias on the tube grid, 
since S = 9(U,). 

The variation of the natural frequency of the oscillating circuit is given by 


| 
A — 0 | oo ’ 
~ ener 


where f, is the frequency of the LC circuit without the reactance tube. 
Thus the reactance tube enables us to tune the 

frequency of the LC oscillator by varying the bias 
a on the tube grid. In the given circuit the bias on 
the grid of the reactance tube was applied by trans- 
formation and amplification (427) of the difference 
voltage from the frequency difference forming in 
matching the LC oscillator frequency with one of 
the harmonics of the quartz crystal multivibrator 
(see Ref.10). To prevent the reactance tube from 
-15kH2V' loading the oscillating circuit the voltage on the 
30 grid is applied through the cathode follower 
N31. 


By means of this circuit we were able to pees 
a frequency stability better than 1 parteines 16 
in a wide frequency range. 

Fig.4 shows the variation of the frequency 
change as a function of the grid voltage, Af = F Ug) 
for a 6Zh5P. tube. The oscillator frequency Loe) 
be varied over a 5 ke range by means of the fre- 
Fig.4. Af = F(Ug) for the de- quency deviation" knob (Figs3). On the front panel 
viation stage (6Zh5P tube). of the YaM-3 unit there was a scale in which the 
0.17 to 4.1 Mc frequency range was subdivided into 
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Fig.5. Diagram of SP-3 magnetic field stabilizer. /[= tube, FCC = signal fre- 
quency control, FD = phase detector, CB = current balance, M = modulation, P= 
= phase, AM = modulation amplitude. 
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8 ranges: 1) 4.1-3.0 Mc, 2) 3.3-2.0 Mc, 3) 2.3-1.5 Mc, 4) 1.6-1.1 Mc, 5) 1.1-0.9 
Mc, 6) 0.9-0.38 Mc, 7) 0.4-0.3 Mc and 8) 0.3-0.17 Mc. The 8th range scale had 
50 equal divisions. The frequency readings in this range were made with reference 
to tables. The 1 through 7 frequency ranges had divisions of 20 kc. Thus the 
frequency could be read off the instrument scale to within 10 ke. To this was 
added the reading obtained from the frequency meter of the instrumentlO (see fol- 
lowing article). 

For working with the flowing water probe six additional ranges were added 
to the circuit (these are not shown in Fig.3). With this arrangement the frequen- 
cy is read off the 8th range scale by means of a calibration table. The probes 
used for field ranges from 40 oersted up have an effective volume of 14 cm3, 

In the present stabilization unit we employ a modernized version of the field 
stabilization circuit described in Ref.2. The present circuit is shown in Fig.5. 

The nuclear absorption signal goes to the phase sensitive detector (tubes 
A37 & N38). From the detector, the signal, proportional to the deviation of the 
magnetic field from the initial value, is amplified by the dc amplifier and con- 
trols the current in the auxiliary windings of the de generator supplying the 
spectrometer magnet. The SP-3 field stabilizer unit houses a 15 cps sinusoidal 
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voltage generator. The voltage from the generator is applied to the modulating 


coils of the nuclear absorption pickup and also through the phase shifter (//46) 


to the phase sensitive detector. This unit also houses the oscillograph for the 
visual observation of the signal. 


The stabilization coefficient K equals 100 in 
a wide range of magnetic fields(Fig.6). The accu- 
racy of magnetic field measurement in the lower 
range was evaluated as 1 in 3-4.10*. in fields 
higher than 100 oersted the accuracy was estimated 
to be better than 1 in 109, 

Two VS-12 type rectifiers were used to supply 
all the plate circuits; the heaters of the tubes of 


the YaM-3 unit were powered from a VS-13 rectifier. 


"V.N.Obraztsov' Leningrad Institute of Railroad 
Transport Engineers 


Fie.6. Stabilization curve: 
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FREQUENCY METER FOR NUCLEAR RESONANCE 
- Yu.S.Egorov, D.M.Seliverstov & G.D. Latyshev 


In utilizing nuclear resonance for measurement and stabilization of magnetic 
fields, the accuracy of field measurements depends on the accuracy in determin- 
ing the frequency of the hf voltage, inasmuch as 
2x fo OF Ho = Kf og» 

y Oo 0) @) 
where H, is the spectrometer or other measured field, y is the gyromagnetic ratio 


Ho = 


and k is a constant for the given type of nuclei. 
The operation of the frequency meter described herein is based on comparison 


of the measured frequency with the frequency of a quartz crystal. 


The block diagram of the apparatus is shown in Fig.l. 


The 100 ke crystal 


controlled oscillator 1 is coupled to the multivibrator 2 which divides the oscil- 


g 


2 +-@ 


Fig.1. Block diagram of the MK-3 
frequency meter circuit: 1) 100 
cps crystal controlled oscillator, 
2) 10 and 20 cps multivibrator, 3) 
mixer, 4) high frequency input, 

5) hf amplifier, 6) scale-of-four 
scaler, 7) O to 500 cps amplifier, 
8) frequency-sensitive detector, 
9) frequency indicator, 10) oscil- 
lograph, 11) ZG-641 audio oscil- 
lator. 


crystal is coupled between the tube grids (see Rioe ic 


lator frequency by 5 or 10; thus at the multi- 
vibrator output there are obtained square 
pulses with a repetition rate of 20 or 10 cps. 
Further, the differentiated pulses to- 
gether with the measured frequency enter the 
mixer 5. The difference frequency between 
the measured frequency and the closest har- 
monic of the multivibrator is discriminated 
by the selective low frequency amplifier 7 
and is applied to the frequency-sensitive de- 
tector 8, which in turn is connected to the 
dial indicator 9. The sum frequencies are 
disregarded inasmuch as their amplitude on 
the detector is small. The circuit incorpor- 
ates a scale-of-four scaler 6 which divides 
the frequency of the multivibrator; this is 
necessary for calibration of the indicator 
connected to the frequency-sensitive detector. 
Although in commonly employed crystal 
oscillator circuits the quartz crystal is con- 
nected between the grid and the cathode of. 
the vacuum tube, in the present circuit the 
With this arrangement 


the frequency of the crystal oscillator is virtually independent of the inter- 


electrode capacitance of the tube. 
tode (tube /11). 


The oscillator is designed about a 6Zh8 pen- 


The crystal is enclosed in an evacuated envelope and is thermostatically 


maintained at 60 + 0.2° by means of a thermopile. 


The thermostat also incorpo- 


rates a safety element designed to open at 80°, 
The accuracy and stability of the crystal oscillator were checked by compari- 


son of the oscillator frequency with a standard frequency. 


After the initial 30 


min warm-up period, the frequency drift of the oscillator over 24 hours did not 


exceed 1 in 106, 


The oscillator frequency is applied through the buffer stage (12) for synchro- 


nization to the multivibrator. 
effects on the oscillator. 


The multivibrator is assembled about 6P9 pentodes (tubes 13 & /14) 


The buffer stage is necessary to obviate feedback 


Tubes 


with high transconductance were chosen for the multivibrator since this makes it 


possible to obtain square pulses with a rise time of O.1 microsec. 


Thus there is 
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Fig.2. Circuit of MK-3 frequency meter (= tube). 


obtained a spectrum of multipole harmonics with an appreciable amplitude up to 
the thousandth harmonic. 

In case of division of the crystal oscillator frequency by 5 (odd harmonic) , 
the synchronizing voltage is applied to the grid of tube /I3. In case of division 
by 10 (even harmonic), the synchronizing voltage is applied to the grids of both 
tubes /I3 and 4. 

For good synchronization the period of the natural oscillations of the vi- 
brator is chosen from the condition 


T = (1.4-1.8)kT, 


where T, is the period of the synchronizing voltage, k is the division factor and 
T is the period of the natural oscillations of the multivibrator assembled on 
pentodes.1l 

The multivibrator circuit has provision for adjustment of the natural vibra- 
tion frequency in case of replacement of the tubes. 

From the multivibrator, the square pulses, after differentiation in the RCL 
circuit, are applied to the amplification stage (tube JJ5). This stage is designed 
so that a grid current will appear with a large positive voltage on the control 
grid. Owing to nonlinearity between the grid current and the grid voltage, there 
is obtained artificial increase of the amplification coefficient for higher har- 
monics of the multivibrator. 

The measured frequency fx together with the square pulses from the multivi- 
brator is applied to the grid of the mixer tube 6. This tube operates as a com- 
bined detector and low-frequency amplifier. The difference frequency between fx 
and the closest multivibrator harmonic (in case of division of the crystal oscil- 
lator frequency by 10) lies in the range from 0 to 5 cps (f, and fg in Rigi 2, sdia— 
ference frequencies exceeding 10 ke are excluded from consideration). 

Thus in the plate circuit of tube /6 we will have, in addition to the fre- 


quency sum, two close low-frequency signals, namely, 
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i = ix © 104n and fo= 104(n + 1) - fx» 


where n is an integral, the value of which is determined from the dial of the mag- 
netic field indicator (see Ref.2) or some other coarse frequency indicator. 

Separation of the frequencies eh and fo is ac- 
complished by the low-frequency amplifier, the char- 
acteristic of which is shown in Fig.4; this ampli- 
fier employs one 6N1P tube and two 6Zh1P pentodes. 

A double L-filter with a low output resistance 
serves to suppress frequencies greater than 5 kc. 


n-1 7) f n+f : : 
vi The filter inductances are wound on toroidal alsifer 
Fig.3. Difference frequen- cores. 


Two T-network bridges serve to increase the 
slope of the frequency characteristic in the 4.9 to 
5.1 ke region. With appropriate choice of the 

K bridge components, the frequency characteristic of 
10 the amplifier can be corrected satisfactorily. 

Thus the separated difference frequency is ap- 
re plied to the low-frequency voltage indicator (tubes 
ss) 14 through f19 in Fig.3 of Ref.2). Tube /i14 and 

the right half of 115 operate as amplifiers with 
limitation of the positive input signal. In the 


cies obtained in measuring 
the frequency fx. 


id second half of //15, in the plate circuit, the sinu- 
g ? 6 0 soidal voltage is shaped to square pulses of con- 
f, ke stant amplitude. This circuit yields shaped pulses 
Fig.4. Frequency character- of satisfactorily constant amplitude with variation 
istic of the selective of the input voltage from 0.5 to 60 volts. 
amplifier. The differentiated square pulses are applied 


to the diode detector, the load of which is a 100 
wa type M24 dial indicator. 

If the voltage on the indicator terminals, Vj, is much smaller than the am- 
plitude V, of the square pulses from the limiter plate, Vo =z VmCRf, where C is 
the capacitance of the capacitor in the frequency meter circuit, R is the detect- 
or load and iF is the repetition rate of the pulses shaped from the sinusoidal 
voltage. 

Thus the reading on the instrument scale is directly proportional to the 
frequency at the frequency meter input. Full-scale deflection of the instrument 
pointer corresponds to a frequency of 5.1 ke (the scale divisions are equal to 
100 cps). 

The circuit has provision for calibration of the frequency meter scale. With 
the selector switch Tj (Fig.2) in the "Calib" position, pulses with a repetition 
rate of 2.5 or 5 ke (depending on whether the multivibrator is synchronized for 
10 or 20 kc) are applied to the frequency meter input. 

The error in determining the frequency in reading the indications on the in- 
strument dial is +7-10 cps. To reduce the error in absolute frequency measure- 
ments, the circuit has provision for connection of an oscillograph by means of 
which the frequency can be measured using Lissajous figures, the sweep bein 
vided by a ZG-641 audiooscillator. In this case the fmequency error - +2 ‘ a. 

In case of measurement of frequencies greater than 4950 cps with ae 
to the instrument scale, there arises an error connected with poor separatio = 
the beat frequencies from the neighboring crystal oscillator Actor b ae i 
selective amplifier (see Figs.3 & 4) inasmuch as fi differs from by - ie 
Cpa. To eliminate this error, the apparatus has provision for ae th 
multivibrator frequency to 20 kc; then the difference between fi and eae 
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,10 100 cps and then the measurement error connected with the frequency fg is ob- 
viated. 

As will be evident from Fig.3, with increase of fx the difference frequency 
iat increases, while fg decreases. Inasmuch as 2 > 5000 cps, only the frequency 
1 appears at the frequency meter input after the selective amplifier. 

To determine the frequency fx One must add the reading given by the indica- 
tor to the frequency of the n-th harmonic of the multivibrator (n is determined 
from the scale of the YaM-3 unit - see Ref.2). 

Lf fi > fa < 6 ke, the frequency at the meter input will be fg, i-e., the 
difference between f, and the (n + 1)-th harmonic of the crystal oscillator. 
With increase of fx, the frequency fo will decrease (see Fig.3). Hence for de- 
termining this frequency one should subtract the indicator reading from the fre- 
quency of the (n + 1)-th harmonic of the multivibrator. 

To facilitate use of the frequency meter the indicator dial has two scales: 
the upper scale is graduated from 0 to 5.1 kc; the lower sclae from 4.9 to 10 ke. 
If with increase of fx the pointer swings to the right, the upper scale should be 
used; if the pointer moves to the left - the lower scale. 

The given frequency meter circuit was used to obtain the error signal for 
frequency stabilization of the generator that was utilized for indication of the 
nuclear absorption signal (see Ref.2). Switch /l,;, which is controlled from the 
front panel of the unit, is used for comparing the voltage at the frequency meter 
output with a constant reference voltage. If the difference frequency f, is be- 
ing measured and used for stabilization, the switch handle should be in the "up- 
per scale’ position; for measurement of the frequency fo - in the "lower scale" 
position. a 

The error (correction) signal is applied to the grid of the reactance tube 
(see Ref.2) through a de amplifier. 

The power supply for the frequency meter is a VS-12 rectifier. 


"V.N.Obraztsov’ Leningrad Institute of 
Railroad Transport Engineers 


References 


1. A.M.Bonch-Bruevich, Primenenie elektronnykh lamp v eksperimental "noi 
fizike (Application of vacuum tubes in experimental physics), M.-L., 1956. 

3. Yu.S.Egorov, D.M.Seliverstov, G.D.Latyshev & A.I.Zhernovoi, Present issue 
of the Bulletin, p.234. 


- 244 - 


GAMMA-RAYS IN THE DECAY OF As 78 
- Yu.A.Nemilov, A.N.Pisarevskii & L.D. Soshin 


and 30% 1.4 Mev end-point energy) have 


oups of B-particles (70% 4.1 Mev 
esareais a There have also been observed 7y-rays 


been observed in the decay of 90 min As78, 


0.27 Mev! and 0.615 Mev2 energy. 
es our As?8 activity was obtained by the (n,p) 


reaction on Se78 with E, = 14 Mev. The y-spectrum 

was investigated by means of a scintillation 7- 

spectrometer coupled to 128 channel analyzer with 

automatic recording. 3 

In our work we used both a single crystal 

hey spectrometer operating under ordinary geometric 
conditions (30 mm diameter, 40 mm thick Nal(T1) 
crystal and an FEU-S photomultiplier) and a sun- 
ming spectrometer with 4x geometry (50 mm dia- 
meter, 50 mm thick CsI(Tl) crystal and an FEU-13M 
photomultiplier). In the latter case the source 


690 was located at the center of the crystal. In the 

610 measurements with the single crystal spectrometer 
we observed the following y-lines: 500 kev (T = 

270 = 5-6 min); 270, 610, 800, 1280 & 2680 kev (high 


intensity lines with T = 90 + 10 min); 80, 345, 
690, 1200, 1620, 1880, 2020 & 2160 kev (low inten- 
Decay scheme for As/8, sity lines with T = 90 + 10 min). Furthermore, 
the shape of the experimental spectrum indicates 
that there may be a very low intensity y-line of ~2400 kev energy. 

With the 4x geometry we clearly observed three sum lines with a period of 
90 + 10 min; 420, 1620 and 2700 kev. All the observed lines with a period of 
~90 min can be attributed to transitions associated with As/8 Se78, 

The 500 kev y-line with T = 5-6 min is of particular interest. This line 
is not a result of annihilation of positrons from some Bt emitter inasmuch as 
careful measurements by means of the summing spectrometer showed that there is no 
detectable sum line with E, ~ 1 Mev and T = 5-6 min. (In fact no other y-lines 
with T = 5-6 min were observed). Nor was this line observed in the radiation of 
other selenium isotopes bombarded with neutrons. Hence it may be inferred that 
the 500 kev y-line appears as a result of de-excitation of a metastable state 
forming through the interaction of neutrons with Se78, 

Examination of the other possible reactions on Se78 (n,2n; n,2p; n,Q; n,pn) 
shows that the isotopic products of these reactions have been fairly thoroughly 
studied and that grCre them there is no isomer with the observed state (T = 5-6 
min & Ey = 500 kev)1,4, Hence it may be assumed that As78 has a metastable state 
with 500 kev energy. A possible decay scheme is shown in the accompanying figure. 
The possibility that the cited result is due to impurities in the target is ex- 
cluded in view of the fact that the 500 kev line did not appear in the radiation 
from neutron bombarded targets enriched with other selenium isotopes. 

Comparing the proposed decay scheme with the decay schemes of neighboring 
even-even nuclei, one may reasonably question the position of the 270 kev level 
in Se’8, Unfortunately, the very low yield of As78 from the (n,p) reaction pre- 
cluded more precise sum measurements, as well as coincidence experiments. 


We take this opportunity to thank A.N. Protopopov and his coworkers for the 
neutron bombardments. 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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CONCERNING LINEARITY IN SCINTILLATION SPECTROMETRY 
- Yu.A.Nemilov, I, 1,Lomonosov, A.N. Pisarevskii, L.D.,Soshin & N.D,Teterin 


1. Scintillation response of inorganic crystals to y-rays 


The scintillation response of NaI(Tl) crystals to y-radiation has been in- 
vestigated by a number of authors. In early studies!-3, which, as a rule, were 
performed with inadequate accuracy, no deviation from linearity was observed in 
the gamma energy range from 5-10 kev to 1.5-2 Mev. In subsequent more careful 
investigations4»5 some deviations from linearity below 100-150 kev were observed. 
Finally, in 1956, Engelkemeir® detected some nonlinearity in the entire range 
from 10 to 1500 kev and substantial nonlinearity (to 20%) below 150 kev. In the 
present investigation we used the same procedure as earlier and maintained line- 
arity of the entire experimental setup (except the crystal, of course) to within 
1%. The radiation sources were radioactive isotopes with well known y-transition 
energies. The measurements were performed on crystals produced by the institute 
of Crystallography of the USSR Academy of Sciences and the Kharkhov Plant. Crys- 
tals grown by both the Kyropoulos? and the Stockbarger® techniques were investi- 
gated. 


Results of linearity measurements for different crystals 


~ 

Size, mm Growth Region of oe 

Crystal dia. thick technique noticeable Bera, 
nonlinearity ee 


NaI(T1), No.1 Kyropoulos 6.7 
Nal(T1), No.2 Stockbarger 9 
NaI(T1), No.3 a 10 
Nal(T1l), No.4 Kyropoulos 8 
CsI(T1), No.5 Kyropoulos 10.5 
CsI(T1), No.6 Kyropoulos 16 
CsI(T1), No.7 Stockbarger 14 
KI(T1), No.8 Kyropoulos 14 
KI(T1) , No.9 a 16 


By way of illustration the results obtained for individual Nak(?l) ,, Csi<ta) 
and KI(T1) crystals are shown in Fig.l. The measurement results for nine crystals 
are listed in the accompanying table. All the results were obtained with the same 
ae ee ees vere those for the No.6 crystal which was coupled to an 

ba photomu plier). The experi i 
See A AE ae ac eee ER perimental results did not depend on the distance 

The variation of the "specific scintillation" i 
absorbed energy) with Ey for a number of crystals = Momento Po i 

For most of the investigated NaI(T1) crystals there is oneerves a minimum of 
A at ay = 50 kev. At energies below 30 kev and in the region of high E, there i 
evident a decrease of A. Comparison of our results with the data of Engelkemei 6 
shows a general similarity of the curves, except for the E, < 30 kev <seiss i 
the high energy region, the Ey dependence of A is stronger for sees CSR — RS 
the Kyropoulos technique, which are characterized by better resolution ae ae 

The sharp decrease of A below 30 kev may be due to greater options inh - 
geneity of the surface layer of the crystal, the layer in which most of th ae 
energy radiation is absorbed. The enhanced inhomogeneity may be caused b ee 
mechanical surface treatment (polishing, etc.) of the crystals. sage 


arb.units 
Ge 
S 
S 


=1000+400 
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Fig.1. Scintillation-response linearity curves for a) NaI(T1) crystal No.2, b) 


CsI(T1) crystal No.5, and c) KI(T1) crystal No.8. 


A - curves for the low energy 


region; B - high energy region. 
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Fig.2. Variation of the speci- 
fic scintillation A with y-ray 


energy. Curve numbers corre- 
spond to the sample numbers 
listed in the table. 


Curves 5,6,8 & 9 in Fig.2 pertain to CSI(T1) 
and KI(T1l) crystals (see table). The A vs Ey curves 
for these crystals do not have a minimum of A at 
E, Y 50 kev. The linearity of these crystals in 
the high energy region is better than that of 
Nal(Tl) crystals. It may be noted that the line- 
arity of CsI(T1) and KI(T1) crystals is also bet- 
ter where the response to heavy particles is con- 
cerned.9,10 These crystals are also character- 
ized by a decrease of A in the energy region be- 
low 30 kev, which may be taken as evidence in 
favor of the above inference regarding the in- 
fluence of surface inhomogeneity in the case of 
Nal(Tl). 

We proposed the following purely qualitative 
explanation for the nonlinearity in the range of 
the high energies. In the scintillation process 
luminescence centers are excited not directly by 
fast electrons (or other ionizing particles) , but 
through an intermediate energy transfer mechan- 
ism, in which excitons presumably serve as the 
energy carriers. Now presumably excitons form by 
recombination of electrons and holes;11 with in- 
crease in the energy of the exciting electrons, 
the specific ionization dE/dx should decrease and, 
accordingly, so should the density of electrons 
and holes in the small volume surrounding the path 
of the fast electrons; this leads to decrease in 


the probability of exciton formation, i.e., reduction in the number of energy car- 


riers. 


Thus, assuming the validity of this mechanism, we should have a decrease 


of the light output with increasing energy of the incident y-rays (electrons). 
The different linearity characteristics of different crystals can, presumably, 

be explained by differences between the crystal lattices and individual peculi- 
arities in the growth of specific crystals, peculiarities resulting in the forma- 


tion of different defects having varying concentrations. 


Thus, in addition to 


quenching associated with the scintillation process at high specific ionizations, 
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al quenching in the region 


there obtains in the investigated crystals substanti 
s the linearity of the scin- 


of low specific ionizations, and this also influence 
tillation response of the crystals. 


2. Intrinsic resolution and converting efficiency of NaI(T1l) crystals 


Another important factor in working with scintillation spectrometers is the 
resolution with the energy of the detected radiation. Theoretically, 
for an ideal crystal and an ideal optical system the square of the line half-width 
is inversely proportional to the energy. This theoretical relationship is not 
borne out in experiment. Analysis12 shows that the overall process in a scintil- 
lation spectrometer can be described by the triple cascade 


variation in 


Q = X-T-M, 


where X is the mean number of photons produced by y-rays of energy E>. T is the 
mean scintillation transfer efficiency, M is the mean ballistic amplification con- 
stant of the photomultiplier and Q is the average total number of electrons at 
the photomultiplier output. The relative quadratic variation (vq) of Q is given 
by 

Yay) SG + (1 + vp) (vy - 1/X) + (1 + Vy) /X°T , (2) 


where the v's are the relative quadratic variations of the quantities denoted by 
the respective indices. If extraneous sources of variation in pulse height are 
negligible and Vg is numerically equal to the pulse height, X ~ Ey, and the line 
shape is close to the Gaussian, Eq.(2) becomes 


2 


As = 


(04 Gy B/E (3) 
Za 

where A, is the square of the spectrometer line half-width (a2 = 5.56 VQ) and @ 
and B are parameters that are independent of Ey provided vp and Vy are energy in- 
dependent. 

If the variation of X is normal, (i.e., if vx = 1/X), a = 5.56 vp and B = 
= (5.56(1 + vy) K]/T, where K is the energy expended on the production of one pho- 
ton. 

Assuming Eq.(3) to be valid, we can formally write 


Ag = vg + aS (4) 


where A, is the intrinsic resolution of the crystal and 45 is the intrinsic reso- 
lution of the photomultiplier. Here Ace will be constant provided vm = const. 
Eqs.(3) and (4) would be valid if formation of the total sic peak occur- 
red only through the photoeffect (as is the case at small Ey)» Actually, how- 
ever, peak formation also occurs due to secondary processes (the Gomnbonsetserun 
with subsequent absorption of the scattered photons. In view of the fact that 
the absorption leading to the formation of the total energy peak is not neces- 


sarily a single event, at the average electron energies E 
d 
these processes, we havel3; z SE ee en 


2s. 4 2E\ Es 8 
4s a | = Ee | + ace: (5) 


It will be evident from Eq.5 that from the stand 
° point of line width, photo- 
absorption of a single photon of energy E, = Ej + Eo is not identical Tlie 
taneous absorption of two independent quanta (electrons) with energies E, and E9 
+] 
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4. 405 i.e., with increase of Y-Yray energy and increase in the 

ss size of the crystal the resolution will improve with conse- 

quent deviation from the linear law, as observed by Bisi & 

Zappat3, For a crystal 30 mm in diameter and 30 mm thick 
a noticeable deviation from linearity should be observed at 
Ey > 700-800 kev. If the crystal is small apparently the 
escape effect (escape of scattered radiation or electrons 
from the crystal) will predominate and Ag will increase with 
increase of E,,. 

If the intrinsic resolution of the crystals is deter- 

P : mined by the "equal brightness of scintillation” procedure, 
HIBS Mey we will obtain the true values of Ag, i.e., values taking 
into account the non-single character of the absorption 
ees Variation of events. Determination of A. by extrapolation of the low 
aN with E>}. energy part of the Ag vs Ey+ curve to E, = 00, actually 
yields only the value of qa. 

We carried out determinations of the intrinsic resolution of domestic NaI(T1l) 
crystals by the “equal brightness of scintillation" procedure. The energy depend- 
ence of b. obtained for one crystal is shown in Fig.3. Similar curves were ob- 
tained for all the investigated crystals, which varied in diameter from 20 to 40 
mm and in thickness from 10 to 40 mm. The experimental dependence cannot be ex- 
plained by Eq.(5), which indicates that energy dependences of @ and vp are also 
involved. Undoubtedly, too, the result is also affected by the Ey dependence of 
A, which influences the variation of X with E,. 

The converting efficiency n of a crystal can be calculated by means of the 
following formula, which follows from the expressions given by Morton!4, 


_ (hy) (236)°(o—1 +m) 


(o—1) AneqlE, (6) 


where (hy) is the mean photon energy, 3 is the multiplication factor for the first 
stage of the photomultiplier, mis the statistical distribution coefficient for 
secondary emission (m= 1.5), lis the light collection coefficient, ©« is the 
quantum sensitivity of the photocathode at the given mean photon energy and q is 
the photoelectron collection coefficient. In our experiments os = 4, « = 0.16, 
g= 0.95 and /= 0.5. 

We obtained the following numerical values for n for the NaI(T1) crystal 
characterized in Fig.3: 


Ey, kev 24.2 44.4 70 280 661 1330 
Time 28 27.5 31.2 28 26 25 


The efficiency values (~8%) cited by Birks!5 are obviously underestimates, 
owing to Birks' failure to take into account the intrinsic resolution of the crys- 
tals and, apparently, light collection losses. 

Clearly the above results for 7 reflect the experimentally observed variation 
of A with E., (see Section 1). Some decrease in y with increase of E beginning 
with 50-70 kev was noted for all the investigated crystals. Admittedly the use 
of one and the same value of / for different Ey in evaluating 7 is somewhat arbi- 


trary. 
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3. Distortion of the total energy line by Nal(Tl) crystals 


Correct and accurate rendition 
by the spectrometer of the line shape 
is particularly important in evalu- 
ating intensities and investigating 
weak lines in the proximity of strong 
ones. 

In investigating the total-energy 
line shape with spread of the spec- 
trun* we observed "twinning’’ of the 
lines by some of the NaI(T1) crystals 
grown by the Stockbarger technique 
and exposed to the influence of hu- 
midity. A relatively weak effect was 
also observed in the case of a few 
crystals prior to repackaging. 

"Expanded" total-energy lines ob- 
tained by means of one of the "twin- 
ning” crystals are shown in Fig.4. 

“ 5 Nv 6 Prior to repackaging this crystal 
yielded the normal line shape (curve 
6 in Fig.4). 
The observed twinning’ can be 
regarded as the result of superposi- 
tion of two lines shifted relative to 


<—& S. each other in the energy scale. In 
the case of the zn°5 1.12 Mev and 

Fig.4. Shape of expanded total energy Csi37 660 kev y-rays, the line shape 
lines: 1) Hg203 280 kev, source below virtually did not change with change 
crystal, 2) Hg203 70 kev, line shape in the position of the source (from 
same for upper and lower positions of above to below the crystal). In con- 
source, 3) Hg293 280 kev, source above trast, for the Hg203 280 kev line the 
crystal, 4) Csl37 660 kev, line shape shape changes considerably with change 
does not change with change in position in the position of the source, the 
of the source, 5) Zn65 1,12 Mev, line low energy component being appreciably 
shape does not change with change in more pronounced. 
position of the source, 6) Hg293 280 kev The shape of the 70 kev (Hg293 
for a normal crystal. x-rays) line virtually does not change 


with displacement of the source, but 
its position in the energy scale does alter: when the source is moved from above 
to below the crystal, the peak shifts ~15 kev to the low energy side. Similar re- 
sults were obtained in measurements with E,,<70 kev. 

Thus, as a result of exposure to moisture and repackaging of the crystals 
there is sometimes observed "twinning" of the lines. Apparently, the effect oem 
moisture leads to impoverishment of the surface layer as regards scintillation- 
active centers. Possibly water of crystallization molecules become bound in the 
surface layer and exert a quenching effect. The thickness of the layer in the 

*The total-energy line was clipped and the corr 
fied so that the line extended over ~100 channels otters coal ee 
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‘case of the Nal(T1) crystal investigated (Fig.4) is of the same order of magni- 
tude as the thickness of the layer for effective absorption of ~70 kev y-rays. 


"V,G.Khlopin” Radium Institute, 
Academy of Sciences of the USSR 
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AMPLIFICATION OF PHOTOMULTIPLIERS IN PULSED OPERATION” 
- A.N.Pisarevskii & E.D.Teterin 


It was shown in Ref.1 that the amplification of different types of photo- 
multipliers changes in a different way with variation of the time parameters of 
the exciting pulses and exhibits a general tendency to decrease in going from 
steady excitation to pulses in the millimicrosecond range. It was also shown 
that this "pulse dependence” is most strongly evinced in photomultipliers charac- 
terized by good time resolution. Now, however, the explanation for the observed 
effects suggested in Ref.1 appears to us to be questionable. 

In the present work we employed a similar but appreciably improved measure- 
ment technique. Specifically, we investigated samples of FEU-lv, FEU-33, FEU-13m 
and FEU-6810 photomultiplier tubes. 


1. Pulse rise time measurements 
Tanbalage acini Ganda ot eatin. bate ake ae a een 


Table 1 We measured the current pulse rise times 
Average time parameters obtained at the photomultiplier output by the method of 
for the investigated delayed self-coincidences. The signal from 
photomultipliers the output of the fast coincidence channel was 
—— compared "for coincidence” with the signal 
PM Amplification AES ee (from the last dynode) from the channel setting 


the lower limit of the pulse height gate.2 
This made it possible to evaluate the pulse 
heights to which the measured rise times per- 
tained. The measurement results are summar- 
ized in Table l. 

The measurements were performed with a 
plastic scintillator (t + 3-1079 sec) and a 
co60 y-ray source (or a Cs!37 conversion elec- 
tron source). 

The figures listed in Table 1 naturally do not fully characterize the scatter 
of delays in the photocathode-first dynode interval. This scatter, however, is 
of little significance where the purposes of the present study are concerned. 


10 to 90%, 


2. Variation of the relative PM amplification with the output circuit RC 


In the work of Ref.1 nonequivalence of the static and pulse amplification 
factors was detected with the RC of the output circuit of the same order of mag- 
nitude as the t of the scintillator. 

Hence we felt it would be of interest to investigate the variation in the am- 
plification factor difference with changes in the time constant of the PM output 
circuit. The results obtained are summarized in Table 2. 

In all measurements comparison was made with the same FEU-lv tube (1*), the 
amplification factor of which was arbitrarily taken as unity. The experimental 
error is evaluated as +15%. 

As will be evident from Table 2, there is an appreciable divergence between 
the static and pulse amplification factors for all the investigated photomulti- 
plier tubes at low values of RC. With increase of RC this difference decreases. 
The greatest inequality was observed for the FEU-33 and FEU-6810 photomultipliers. 

Denoting the static ballistic amplification factor of the PM through K and 
the pulse amplification factor (at the given RC) through L, we can write; 3 


K = (1 4 n)u, 
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: Table 2 
Results of amplification factor 
measurements for different PM 


where n may be regarded as a factor or para- 
meter due to aftereffects in the photomulti- 
plier. The magnitude of n depends on the RC 
of the output circuit (as RC—»m , n->0). 

The larger n, the lower the pulse ampli- 
fication and the more extended in time the 
aftereffects. We believe that the parameter 
n Can be very important for characterizing 


Pulse amp. factor L at 
indicated RC (sec) 


5-40-10 | 5.40-* 


5-40-7] 5-40—-* 


5-10-* 


PRU_Ly the time characteristics of photomultipliers. 
vey 4 4 A 4 4 ‘| : 
ie -3 08.) 0,914.4) 4374.3 3. Variation of the relative amplification 
2 6 3 4 Sy t5) 9,8 | 5,8 with the ph j i 
3/241 3 22/21] 2'2 | 23 photomultiplier operating potential 
4 Ae: Ae late el 3 NRCS || GA 
SU. | 0,8 | 0,81 0,7 | 2058 0,8 The above described measurements were car- 
: eee ne a ae ae i ried out under standard voltage supply condi- 
g| 2 4.4/4,31 4,8] 2 9 tions, namely, 2500 V over the PM and 250 V 
9 | 18 1246: 247 17m 147 applied to the first stage (cathode-first dy- 
FEU-33 node). 
: e rie 2 eo = i When the first stage voltage was increased 
3 | 40 9° lo7 |35 38 | 38 to 500 V, the relative amplification pattern 
EN 0:6 | 0,4 1-0,4'| 0.5 0,6} 0,6 for the FEU-lv tube did not change (within the 
FEU- 13m limits of the experimental error). In the case 
41 50 25 140 145 48 | 48 of the FEU-13m tube, n increased by a factor 
2 | 412 5 |8 44 42 | 42 of 1.2-1.4 (with RC ~ 5-10-10-5-1078), 
3 4 Or Silet al al sl = = 
Piolo 3 to | 03 0,31 0,3 In the case of the FEU-33 and FEU-6810 
photomultipliers, n decreased by a factor of 
FEU—6810 


1.5-2 with increase of the first stage voltage 
oie | oe # a ie to 500 V. Apparently, this decrease is connect- 
a, ed with ''speed-up" of the aftereffects and the 
impossibility of separating them from the prin- 
cipal pulse, owing to the appreciable length of the leading edge of the current 
pulse at the PM output. 
Voltage changes at the other stages (by a factor of 1.4) and virtually no 
effect on n, which apparently indicates that the predominant role in the amplifi- 
cation picture is played by aftereffects in the first stage. 


Conclusions 


1. Nonequivalence of the static and pulse amplification factors was observed 
for all the investigated time photomultipliers; this divergence between the ampli- 
fication factors can be characterized by the aftereffect parameter an. 

2. The parameter n was smallest for the FEU-lv tubes and largest for the 
FEU-33 photomultipliers. 

3. In the case of the FEU-33 tubes, the value of n decreased with increase 
of the first stage voltage. 
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INVESTIGATION OF THE STRUCTURE OF NEW DEFORMABLE MAGNETIC ALLOYS 
- M.N.Raevskaya 


ghere preetirce principal groups of common high-coercivity alloys: 

1. Diffusion-hardening alloys based on the Fe-Ni-Al and Fe-Co-Ni-Al systems. 

2. Alloys with y-—a transitions, which include Fe-Co-V, Fe-Ni-Mn and Fe-Cr- 
~Ni alloys. 


3. Precipitation-hardening Q-alloys with Fe-Co-Mo, Fe-Co-W or Fe-Co-Cr-Mo 
as the base. 

At present relatively little is known regarding the magnetic structure of 
such hard magnetic alloys, although it is known that there is a correlation be- 
tween the magnetic structure, the microstructure and the physical properties of 
the component phases. This makes it difficult to elucidate the causes and nature 
of the high coercive force characteristic of such alloys. 

The theory of the coercive force in the absence of wall displacement proces- 
ses was developed by Akulov?. According to this theory, the coercive force 


K ons 
He =e (7+) 


Becker? carried out calculations of the "rotational coercive force" and 
showed that in the presence of crystallographic or elastic anisotropy in the 
material the coercive force can attain a magnitude of several hundred oersted. 
Kondorskii®? noted that another form of anisotropy may be involved, namely, shape 
anisotropy. In this case the coercive force is characterized by 
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In order to realize this coercive force, however, one must entirely dissociate 
the domains (i.e., assume zero coupling), in order to obviate their magnetizing 
influence on each other. 

A high "rotational coercive force’ can be realized only if a number of spe- 
cific conditions pertaining to the structure are satisfied. Thus for complete 
suppression of wall displacement processes, the material must have a pure single 
domain structure (very fine powder or a heterogeneous structure consisting of a 
nonmagnetic matrix separating and decoupling finely dispersed ferromagnetic in- 
clusions). 

The upper bound of the attainable coercive force can be evaluated taking in- 
to account the above mentioned three types of anisotropy that can exist in ferro- 
magnetic materials. To attain this maximum coercive force one must provide con- 
ditions resulting in retardation or preferably complete suppression of displace- 
ment processes. As has been shown by a number of investigators3-7, one of the 
factors inhibiting displacement processes up to the region of high rotation- 
-inducing fields is the presence in the ferromagnetic material of uniformly dis- 
tributed, finely dispersed nonmagnetic inclusions, vacancies and other inhomo- 
geneities. Another inhibiting factor is the presence of strong and dispersively 
distributed elastic stress gradients or variations in the magnitude of the ex- 
change integral. 

A common trait of most magnetically hard materials (except martensite steels 
and some odering alloys) is a heterogeneous, finely dispersed structure, although 
the character of the heterogeneity and the degree of dispersion may differ in dif- 
ferent alloys. ; 

Until recently, in the case of many alloys it was possible to judge of ‘the 
heterogeneity of the structure in the high-coercivity state only on the basis of 
measurements of the physical and mechanical properties. Now, however, the devel- 
opment of electron microscopy allows of direct observation of the microstructure 


of alloys in the high-coercivity state. 
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In the present work we investigated the structure and physical properties 
of a number of deformable magnetically hard alloys. 


1. Diffusion-hardening alloys 


For this part of the study we used samples of isotropic Fe-Ni-Al-Nb alloy 
and anisotropic (subjected to thermomagnetic treatment) Fe-Co-Ni-Al-Nb alloy, 
cut from hot rolled 10 and 15 mm thick sheets. We applied the techniques of con- 
ventional metallographic analysis (optical and electron microscopy), x-ray dif- 
fraction and electro-chemical precipitation of the B'-phase. In addition, we 
measured the physical properties of the alloys and precipitates (the experimental 
procedure is described in detail in Ref.8). 

As the representative of the anisotropic Fe-Ni-Al-Nb alloys, we chose the 
alloy with 25% Ni, 9% Al and a quantity of niobium. The high-coercivity state 
in samples of this alloy is attained after cooling at a critical rate from 1150° 
(He = 400-500 oersted, B, = 6500-5500 gauss). Quenching followed by tempering 
at different temperatures yields a somewhat lower value of Hg. 

Investigation of the microstructure in the high-coercivity state showed that 
optical magnifications do not reveal heterogeneity of the bulk material: at opti- 
cal magnifications there are visible only grains with niobide segregations at the 
of 12 000 X (electron microphotograph - 
5 Fig.1,b), one can see that the 
structure is not homogeneous: 
it consists of a finely dis- 
persed mixture of two phases 
(B and B'), forming the back- 
ground for rather large segre- 
gations of niobide. Close ex- 
amination of the heterogeneous 
two-phase mixture reveals a 
tendency to oriented distribu- 
tion of the phases. Additional 
two hour annealing at 800°, 
which lowers the magnetic proper- 
ties (H, = 130 oersted, By = 
= 5200 gauss), enlarges the B- 
-phase segregations: in this 


Fig.l. Microstructure of Fe-Ni-Al-Nb alloy in case heterogeneity can be dis- 
the high-coercivity state. Magnifications: cerned even with a magnifica- 
a - 400 X, b - 12 000 X. tion of 400 X (Fig.2,a). At 


electron microscope magnifica- 

tions one can discern comparatively large, more or less regularly aligned segre- 
gations of the iron-rich B-phase against the background of the Ni-Al-rich p'- 
-phase (Fig.2,b). 

The microstructure of the alloy after cooling from 1200° at a rate of 10 
per hour, i.e., in a state close to the equilibrium one, is shown in Fig.3. The 
microphotographs reveal large segregations of the primary 8'-phase and oriented 
formations of the B-phase against the 8'-phase background.* In addition, niobides 
are also present. 

X-ray diffraction studies of samples in a state close to the equilibrium one 
showed that their structure consists of two phases with body-centered cubic lat- 


*Similar data were obtained by Skakov for case Fe-Ni-Al alloys.? 
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tices, one of the phases being 
ordered. The lattice parameters 
are dg = 2.860 A and ag’ = 

= 2.876 A. 

The x-ray diffraction pat- 
tern of the precipitate, electro- 
-~chemically separated from these 
samples, showed that the §'-phase 
has the same parameter as in the 
alloy (2.876 A). In addition, 
the precipitate contained a hex- 
agonal phase - FeogNb - with a= 
= 4.79 A and c= 7.805 A. After 
heat treatment bringing the alloy 
into the high-coercivity state 
(cooling in air), the (310) line 
is strongly diffused. Owing to 


Fig.2. Same as Fig.1 but after additional an- the absence of clear lines, it 
nealing at 800° for 2 hours. Magnifications: was possible to evaluate only 
an 400 «Xb. 12-000 X. the average parameter; this was 


a= 2.873 A. The parameter of 
the phase precipitated from the 
Sample was 2.88 A. 

Investigation of the compo- 
sition and saturation magnetiza- 
tion of the precipitates showed 
that the B'-phase is weakly mag- 
netic. 

It followed from a compari- 
son of the experimental results, 
some of which were published 
earlier®, that the maximum co- 
ercive force of Fe-Ni-Al1-Nb al- 
loys correspond to highly dis- 
persed states, states for which 
the heterogeneity of the struc- 


Fig.3. Microstructure of Fe-Ni-Al-Nb alloy in ture becomes evident at magni- 
the equilibrium state: Magnifications: a - 400 X, fications of 4000-5000 X. The 
b - 7000 X. finely dispersed mixture con- 


sists of two phases: the Ni-Al rich 
ordered 8'-phase is present in a 
greatly compressed state, while the 
iron-rich B-phase is present in an 
elongated state, inasmuch as the de- 
composition products retain the ma- 
trix lattice and exist coherently. 
In the initial stage of decomposi- 
tion, the atoms of the parent phase 
are regrouped so that there are cre- 
ated favorable conditions for the 
formation of nuclei of the new phase 
in the following stage of decomposi- 
Fig.4. Magnetization and demagnetization tion. The regrouping of the atoms 
curves for Fe-Ni-Al-Nb alloy. occurs along definite crystallo- 


Fig.6 


Fig.5. Microstructure of Fe-Co-Ni-Al-Nb alloy with 24% Co after thermomagnetic 


treatment. 


Magnification: a - 400 X, b - 1200 X. 


Fig.6. Same as Fig.5 but after additional annealing at 800° for 2 hours. 


Fig.7. Microstructure of Fe-Co- 

-Ni-Al-Nb alloy with 18% Co after 

thermomagnetic treatment and tem- 

pering at 800° for 2 hours. 

Magnification: a - 400 X, b - 

- 12 000 X. 
421-107 bs 
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-800 0 800 1600 2400 He 
Fig.8. Magnetization 
and demagnetization 
curves for Fe-Co-Ni- 
-AI-Nb alloy after 
thermomagnetic treat- 
ment. 


Magnification: a - 400 X, b - 12 O00 X. 


graphic planes and leads to the appearance of 
plane formations of the ferromagnetic B-phase 
against the background of the nonmagnetic B'- 
-phase. The high coercive force of isotropic 
Fe-Ni-Al-Nb alloys cannot be explained solely 
by shape anisotropy of the segregations, since 
they are plates rather than elongated needles 
or cylinders. Apparently, the predominant 
role in enhancement of He is played by stress 
anisotropy. 

All these data together with the shape 
of the magnetization curve (Fig.4) indicate 
that in magnetization switching in Fe-Ni-Al-Nb 
alloys there occur not only rotational but 
also wall displacement processes, which are 
retarded up to high fields owing to the high 
stresses and great dispersion of the segrega- 
tions. In high fields, i.e., in fields corresponding 
to irreversible rotation, probably both rotation and 
displacements occur simultaneously. This is substanti- 
ated by the data of Bulgakovl9 obtained in investigating 
the magnetization curves and viscosity effects in cast 
Fe-Ni-Al alloys. 

In investigating the structure of deformable aniso- 
tropic Fe-Co-Ni-Al-Nb alloys, we used samples with 24% 
Co, 14% Ni, 7% Al, 3% Cu and 4% Nb, subjected to thermo- 
magnetic treatment. 

Both electron microscope photographs and x-ray dif- 
fraction patterns revealed heterogeneity of these alloys. 
In the alloy with 24% Co in the high-coercivity 
state (He = 620 oersted, B, = 12 500 gauss), the segre- 

gations are even more finely dispersed (Fig.5) than in 
isotropic Fe-Ni-Al-Nb alloys (Fig.1). It was impossible 
to establish the shape of the segregations in this state. 
Additional 2 hour annealing at 800° substantially en- 
larges the segregations which are elongated in the di- 


rection of the field applied during the thermomagnetic treatment (Fig.6). The 
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,microphotographs of the alloy with 18% Co (Fig.7) show that here there occurred 
oriented decomposition, but in this case with orientation of the B-phase particles 
along two mutually perpendicular directions, although the particles oriented in 
the direction of the applied field are noticeably more elongated. 
X-ray diffraction studies showed that the introduction of cobalt into Fe- 
-Ni-Al-Nb alloys does not alter the phase composition; only the lattice parameters 
change somewhat. 
Analysis of the magnetization curves for the anisotropic cobalt alloys (Fig. 
8), taken in conjunction with the other data, showed that rotation processes oc- 
cur in these alloys incident to magnetization reversal. This is apparently con- 
nected with the fact that the shape anisotropy of the ferromagnetic phase segre- 
gated during heat treatment is evinced more strongly. In addition, after heat 
treatment in a strong field, the material becomes more magnetically uniaxial and 
this also leads to predominance of rotational processes in somewhat weaker fields 
than those in which stress-retarded displacement processes could be realized. 
More detailed studies are necessary, however, before one can draw any definite 


conclusions regarding the processes occurring in magnetization reversal in aniso- 
tropic Fe-Co-Ni-Al-Nb alloys. 


2. Alloys with y-—q@ transitions 


The most common y—d transforma- 
tion alloys are Fe-Co-V, Fe-Ni-Mn 
and Fe-Cr-Ni base alloys. All these 
alloys acquire high magnetic proper- 
ties after cold deformation with a 
high degree of reduction followed by 
annealing. The alloys of this group 
are anisotropic: the residual induc- 
tion in the direction of cold deforma- 
tion is some 20-30% higher than in 
the perpendicular direction. 

Below we give the results of our 
investigation of the properties and 
structure of Fe-Ni-Mn alloys. In 
studying the fine structure by elec- 
tron microscopy and x-ray diffraction, 
Fig.9. Microstructure of Fe-Ni-Mo alloy in we used samples containing 12% Mn, 3% 
the high-coercivity state. Magnification Ni and 3% Mo deformed with 90% reduc- 
15 000 X. tion and then annealed at different 

temperatures”™. At the same time we 
measured the physical properties of the samples. 

The microstructure of the alloy in the high-coercivity state (after anneal- 
ing at 550°) at a magnification of 15 000 xX (Fig.9) consists of a finely dispersed 
heterogeneous mixture of the @ and 7 phases in approximately equal amounts « The 
character of the @ phase segregations and the degree of dispersion of this phase 
remain virtually constant in the 450 to 600° annealing temperature range; only the 
relative proportion of the two phases changes. Meastix ements of the properties 
(I,, Hg and hardness) and amount of the 7-phase (Fig.10) show that He increases 
in the annealing temperature interval from 450 to 550°, simultaneously with de- 
crease of I, and increase in the proportion of the y-phase. The hardness, which 


eens ee cee eee ree ee ae ee et ee me ee oe ee oe ee ee 


*The experimental study of the fine structure was carried out by L.Yu.Vol'fson. 
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is high in absolute value after cold de- 
formation, does not change at the indicated 
tempering temperatures. The relatively 
high coercive force and hardness of Fe-Ni- 
-Mn alloys are probably due to different 
processes in contrast to Fe-Co-V alloys in 
which these characteristics vary analogously 
with the annealing temperature with only 
the maxima of the respective curves being 
displaced somewhat in the temperature scale. 
Possibly this explains the fact - observed 
by us earlier - that Fe-Ni-Mn and Fe-Cr-Ni 
base alloys after deformation and annealing 
retain a high degree of plasticity, which 
allows of their further deformation and 
leads to enhancement of their magnetic pro- 


400 500_ 550575600 i 
Oc perties. 


On the basis of x-ray diffraction 
Fig.10. Variation of the saturation studies one cannot establish any correla- 


anneal? 


induction I,, the coercive force, tion between the coercive force in Fe-Ni- 
the Rockwell hardness Rg and the -Mn-Mo alloys and stresses of the second 
amount of y-phase with the annealing and third kind in them. 

temperature for Fe-Ni-Mn-Mo alloy. Apparently, the degree of dispersion 


and the relative proportion of @ and 7 
phases are responsible for the coercive force in these alloys. The magnetic 
properties also depend on the crystallographic texture which persists after an- 
nealing. Anisotropy is evinced mainly in the values of B,. The coercive force 
is nearly the same for all directions of measurement, which indicates the absence 
of stress anisotropy. 


Conclusion 


We investigated the structure and properties of a number of deformable hard 
magnetic alloys and obtained additional data which help characterize some of the 
processes occurring in these alloys. 
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STRUCTURAL CHANGES AND ANTIFERROMAGNETIC PROPERTIES OF NisFe 
AND OTHER ALLOYS IN THE Fe-Ni SYSTEM 


- M.V.Dekhtyar 


Ni3Fe and other iron-nickel alloys have been the subject of numerous investi- 
gations.1-9 On the basis of these investigations, it is commonly assumed that 
iron-nickel alloys are ferromagnetic up to the paramagnetic transition temperature. 

The results of the present study, given below, indicate, however, that there 
may exist in Fe-Ni alloys an antiferromagnetic orientation of the magnetic moments 
at certain temperatures below that of the paramagnetic transition.10,11 we came 
to this conclusion in investigating the temperature dependence of the magnetic 
properties of Fe-Ni alloys. The observed anomalous effects may be divided into 
two groups: the first group, which consists of effects observed during heating of 
a disordered Fe-Ni alloy, is associated with ordering processes (see Reisstaya3 
and below); the second group of anomalous effects may be interpreted as indicative 
of the existence of antiferromagnetic orientation of the magnetic moments. 

The results obtained in the present investigation are in agreement with the 
work of Prattl4. In considering the possibility of ferromagnetic-antiferromagnetic 
transitions in metallic alloys, Pratt proceeds from the concepts of molecular field 
theory. Pratt's theory is developed on the basis of a) Vonsovskii'sl,3,15 concepts 
regarding s—d exchange interaction on the assumption that this interaction gives 
rise to and is responsible for the ferromagnetic properties of alloys and b) the 
concepts advanced by Kittel, Ruderman & Mitchel116,17 regarding indirect or super- 
exchange interaction between atoms realized by the intermediary of conduction elec- 
trons, it being assumed that this interaction determines the antiferromagnetic 
orientation of the d electron spins. 

Below we describe the results obtained in investigating the temperature de- 
pendence of the magnetic properties of two alloys: a) Ni3Fe and b) an alloy hav- 
ing the chemical composition of Supermalloy and subjected to a certain heat treat- 
ment. The alloy samples were first heated for two hours at 1200° in evacuated 
(10-4 mm Hg) thin quartz tubes. The disordered structure produced by the heating 
at 1200° was frozen by quenching (in the tube) in water at room temperature. 

Measurements of the saturation magnetization I,, the remanent magnetization 
Ir, the maximum susceptibility ymax and the coercive force H, were carried out in 
the temperature range from 20° to the paramagnetic transition temperature. Prior 
to each group of measurements, the sample was heated for 1 hour at the given tem- 
perature to insure its attaining a state close to the equilibrium one for the given 
temperature. * 

Upon completion of the measurements at the given temperature, the specimen was 
rapidly cooled to room temperature and its magnetic properties again measured. This 
sequence of operations was repeated for successively higher temperatures. This pro- 
cedure enabled us to obtain the variations of the magnetic properties of the alloy 
with the measurement temperature and with the annealing temperature from one and 
the same series of measurements. The experimental points in the temperature range 
from 300° to the paramagnetic transition point were obtained at close intervals 
(5-102) with a view to more accurate determination of the shape of the temperature 
dependence curves for the measured parameters. 

*The requisite holding time at temperatures up to 500° was established in 
preliminary experiments, in which we studied the time dependence of the magnetic 
properties in isothermal heating. 
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Results for Ni3Fe alloy 


H., Oe 

| The temperature dependences of Ig, 

He Ir, Ho and ymax for the disordered Ni3Fe 
alloy are shown in Fig.l. The tempera- 
ture dependences of Ig and I, are normal 
up to about 300°, namely, the two quanti- 
ties decrease monotonically with increase 
of the measurement temperature. Anomalous 
effects are evinced in the 385 to 435° 
interval: a flat section appears in the 

Ig vs t curve while the value of I, in- 
creases rapidly from 80 to 240 gauss. 

The remanent magnetization at 435° is ap- 
preciably higher than at room temperature. 
Within an interval of about 50° the de- 
crease in Ig and I, with heating is com- 
pensated by their increase due to the ap- 


Amax Isp 
3000 800 


teas? © pearance of short range order* in the ini- 
Fig.1. Magnetic properties of quenched tially disordered quenched alvoy lan 
NizFe alloy. Temperature dependences A normal temperature dependence of 
of Ir, Ho, Xmax and I, measured in a He is also observed up to about 300° (see 
135 oersted field. Saturation is at- Fig.1). Above this temperature, the com- 
tained in this field up to 500°. Above petition of two factors - heating which 
500° a Néel compensation point is ob- tends to decrease H.,; and ordering which 
served (I vs T plot shown in the in- tends to increase H, - leads to irregular, 
sert). anomalous temperature variation of the co- 


ercive force. On the whole, however, H, 
tends to increase owing to predominance of the ordering process. 

Another critical temperature region is the interval from 490 to 510°. Here 
the remanent magnetization abruptly falls off from 200 gauss virtually to 0. H, 
in the interval from 500 to 510° decreases by a factor of 5 (Fig.1) while y,,,,; 
in the 520 to 530° interval decreases from 3250 to 1500 units. 

In the 490 to 510° region, I, changes little in magnitude (there is an in- 
flection in the I, curve in this temperature interval). 

If measurement of the magnetization is continued in the same 135 oersted 
field but at higher temperatures, saturation is no longer observed and a Néel120-22 
compensation point appears in the magnetization vs temperature curve (Fig.1). The 
magnetization at 555° still amounts to 25% of the value of I; at room temperature. 
With a further temperature rise of only 5° (to 560°), however, the magnetization 
abruptly drops to zero. 

With further increase of the temperature, the magnetization in 135 oersted 
and weaker fields acquires a negative value. 

The presence of the Néel compensation point in the I vs t curve and the ap- 
pearance of negative magnetization above 560° are evidence of the existence of 
uncompensated antiferromagnetic orientation of the spin moments. It may be as- 

*The anomalous effects observed in the Ni3Fe alloy samples held for about 
an hour at temperatures in the 385-4350 range cannot be due to long range order- 
ing. Long range order, which can be detected by x-ray diffractionl8 and neutron 
diffractionl9 techniques, appears only after prolonged heating (100-200 hrs) and 
at higher temperatures (490-500°) ,12 

**kA similar anomalous temperature variation of Ig, due to the appearance of 
short range order, was observed by us earlierl2 in Mo-Permalloy. 
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Fig.2. Time variation of I, and H, of a quenched NizFe 
Isothermal heating at 500, 510 and 515°. 
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sumed that this orienta- 
tion appears near 510°, 
i.e., at the temperature 
where I, falls off rapid- 
ly to zero. Ni3Fe alloy 
transforms to the para- 
magnetic state at about 
574°, 

The saturation mag- 
netization at 510° still 
equals 50% of its value 
at room temperature (Fig. 
1). This is presumably 
explained by the fact 
that the weak antiferro- 
magnetic interaction of 
the ferromagnetic sublat- 
tices is disrupted by the 
field in the temperature 


range from 510 to 574°, 
magnetic properties close to 510° bear the character 


This is connected with alteration of the atomic struc- 


Time, min 


310° 515° 


45 15 45 
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close to this temperature, as is indicated by the curves characterizing the 


variation of H, and I, for samples held at 510° (Fig.2) and by the tempera- 
hysteresis of I, (Fig.3). 


The variation of Ho and ui with time in isothermal 


heating is always a consequence of diffusion of atoms through the crystal lattice. 


The decrease in I, with holding time at 500° is still small. 


The variation of H, 


with time, however, indicates that the diffusion process already starts at this 


temperature. 
to 0,02 oersted. 


Holding of the sample at 500° for 15-30 minutes reduces H, from 0.07 


Increasing the temperature by 10° to 5102 | we obtain evidence of structural 


changes from the decrease 


of I, from 90 to ~40 gauss in the holding interval from 


15 to 60 min; at the same time H, at first decreases then increases. At 515°, 
H,.0e 
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Fig.3. Variation of I), 


in heating and cooling of a quenched Ni3Fe specimen and 


temperature hysteresis of Iy: 1) heating, 2) cooling. 


Fig.4. Variation of Iy, Ig and He 


of an Ni3Fe specimen quenched from 


1200° with the annealing temperature. 
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I, continues to decrease, falling to 6 gauss over a holding time Ae er 

As was noted above, prior to each measurement, the sample was he = dé i 
given temperature for 1 hour. After the measurements the sample was es e at 
the magnetic properties were measured at room temperature, The vena ions a Be 
I, and H, as functions of the annealing temperature determined in this mann 
shown in Fig.4. The anomalous effects exhibited by the magnetic properties vs 
measurement temperature curves in the 385 to 435° interval and in the region of 
510°(Fig.1) are also evinced in the magnetic properties vs annealing Renner aes 
curves. The appearance of these curves also indicates that the anomalous effects 
in the 385-4359 and ~510° regions are associated with structural changes in the 
alloy. ; : 
The temperature dependence of the specific heat for NizFe alloy in the dis- 
ordered state was obtained by Leech & Sykes23, In their work they observed three 
critical regions: in the 385 to 435° interval the specific heat decreases owing 
to formation of short range order; close to 510° and 575° there are distinct rises 
or peaks in the specific heat vs temperature curve. Thus the critical tempera- 
tures (510 and 575°) observed in the specific heat measurements of Leech & Sykes 
agree with those evinced in our experimental temperature dependences of the mag- 
netic properties of this alloy. 

In order to make sure that the change in magnetic structure at ~510° is due 
to alteration of the atomic structure of the Ni3Fe alloy, we carried out a number 
of supplementary experiments. 

The temperature variation of I, recorded for the same sample (i.e., the sam- 
ple characterized in Fig.1) after a second annealing at 1200°C and quenching in 
water is shown in Fig.5. 

We employed irregular heating in the temperature interval 
from 510 to 525°, i.e., the temperature was alternately in- 
creased and decreased as indicated by the arrows in Fig.5. 
Prior to each measurement of the magnetic properties, the 
sample was held at the given measurement temperature for 2 
hours. It will be seen from the I, vs t curve that regard- 
less of the direction of temperature change, I, continues to 
decrease as long as the temperature exceeds ~515°. At lower 
temperatures, I, begins to increase. Further increase of the 
temperature above 525° again leads to decrease of I,- The 
points obtained in these experiments fall on a curve which 
is a continuation of a section of the Ir, vs t curve recorded 
earlier in the 510 to 525° interval. As a result of the ir- 
regular heating operation, I,. falls off to zero at 5459, 

We also carried out a series of measurements with a view 
to obtaining I, vs t curves for the same sample in heating 
and cooling. The resultant curves are shown in Fig.3. Com- 
paring the curves of Fig.1 and Fig.3, we see that the anoma- 
lous effects of rapid increase of I, near 400° and sharp de- 
crease of I, at 510° are reproduced in heating of the sample 
subjected to repeated annealing and quenching. Temperature 
hysteresis of I, is clearly evident in Fig.3; this hysteresis 
indicates that the magnetic deformation due to change in the 


"0 550 magnetic structure near 510° is caused by change in the atom- 
He ic structure of the NisFe alloy. 
meas. Thus in investigating the temperature de- 


Fig.5. Temperature dependence of pendence of the magnetic properties of NigFe 
Iy of a quenched sample of NisFe alloy, we observed a number of anomalous ef- 
alloy with irregular heating. fects. The anomalous variation of I, and I, 
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_in the vicinity of 400° indicates ordering of the initially disordered structure 
pee ined by quenching of the alloy from 12009, with further heating, at about 
510°, there develops a new magnetic structure - antiferromagnetic Sticuiee 

of the magnetic moment. This transformation is unusual in that the magnetic order 
does not disappear but is only altered. I, decreases sharply, dropping virtually 
to zero, while He is reduced by a sizable factor. The Ymax VS t curve rises to a 
maximum at ~510°; above this temperature Xmax falls off sharply (Fig.1). 
The magnetic transformation involving the formation of a new magnetic struc- 
ture close to 500° is caused by change of the atomic structure. This, as already 
noted, is evinced by the time variations of I, and H, in isothermal heating at 
about 510° (Fig.2) and by the temperature hysteresis of the magnetic properties 
(particularly, I,) observed in this temperature region. 

A second magnetic transformation - transition to the paramagnetic state - 

is realized in the temperature interval from 575 to 600°, depending on the previ- 
ous heat treatment of the alloy. 


As will be shown below we obtained similar results for modified Permalloy. 
Isr, Sass Results for Supermalloy 


The alloy having the chemical composition 
specified for Supermalloy is a single phase 
alloy. According to the data in the litera- 
ture2, its magnetic transition temperature 
lies below 400°. 

In the present experiments we found that 
the structure of quenched Supermalloy under- 
goes a change at about 3009: short range order 
forms. 11 

With further heating the short range 
order structure undergoes two further magnet- 
ic transformations: in the first, at about 
375°, the alloy partially loses its ferromag- 
netic properties; in the second, occurring at 


400 


200 


200 300 G00 $00 about 448°, it goes over into the paramagnet- 
eer’ ic state. 

Fig.6. Temperature dependence of The temperature dependence of the magnet- 
Iy (1) and I, (2) in heating and ic properties (Ig, I,, ymax and Hg) was de- 
cooling of modified Permalloy termined for 0.2 mm diameter, 200 mm long 
(Supermalloy) quenched from 1200°; samples quenched from 12009 (i.e., heat treat- 
O- heating, *- cooling, A& & ed in the same manner as the previously de- 
- repeated heating. Arrows indi- scribed NizFe samples). The measurement range 
cate direction of temperature extended from room temperature to 450°; in 
variation. the 300 to 450° range the measurements were 


made at 10° intervals. 

The temperature dependence curves for Is; Ty, He and ymax are shown in Figs. 
6 & 7. 

The temperature transformation occurring close to 300° which, as we Se 
earlier!1, is associated with atomic ordering, is particularly clearly evinced 
in the I, curve (Fig.6). Below soos I, and I, decrease with Pedahe ett about 
300° they begin to increase and then remain constant in the 320 te 340° interval 
The temperature induced decrease of I, in the 300 to 340° range is compensated 
by some increase of I, due to the appearance of short range order. ahd 

*The appearance of the new short range order structure close to 300 is most 
clearly evinced in the I, vs temperature curve; it is less clearly but sleeve 
tinctly manifested in the temperature dependences of I, (Fig.6) and Hy (Fig.7). 
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The new short range order 


Xmax structure developing above 300° 
Be has distinctive ferromagnetic 
oF properties. First, we note the 

oie sharp decrease of Iy to zero in 


the 340 to 375° interval. The 
coercive force in this tempera- 
ture interval does not decrease 


Es (as it would for a normal dis- 
, em ordered structure), but on the 
x 

Bf rie 4000 contrary increases fourfold: 


from 0.025 to 0.13 oersted. 

Holding the sample at tem- 
peratures from 320 to 365° leads, 
as may be seen from Fig.7, to 


xD 


% a sharp decrease of ymax from 
0 0 10 000 at 320° to a value of 
he ion weg 49. the order of unity at 375°; 
“meas. ‘neas. with further increase in tem- 
Fig.7. Temperature dependences of H, and perature, the susceptibility 
in heating and cooling of Supermalloy quenched remains at this low value up 
from 1200°: 1 - heating, 2 - cooling, 3 - re- to the paramagnetic transition 
heating. (at 448°). The change in mag- 


netic properties at ~375° is 
evinced by the sharp decrease of ymax, the falling off of ee to zero and the 
break (plateau) in the I, curve (Fig.6). These changes are reversible: they are 
observed in the inverse order in cooling and again in repeat heating. 

In contrast, the anomalies in the 300 to 340° range, in particular the dips 
in the I, and I, vs t curves, were not observed during cooling. Consequently, 
the structural change induced by heating of the quenched alloy in this tempera- 
ture region is irreversible. This can be explained by the fact that the short 
range order formed in heating of the alloy above 300° is stable. During repeat 
heating from 280 to 450° the experimental points fall on the I,, I, and H, curves 
obtained in cooling through this range, i.e., the minima in the I, and I, curves 
and the maximum in the H, curve exhibited by the first heating curve do not re- 
appear, for the process of short range ordering goes to completion during the 
first heating. This is substantiated by the fact that the magnetizations measured 
during cooling and the repeat heating are equal in magnitude and substantially 
greater than the respective values obtained during the first heating. 

Above the temperature (375°) of the reversible magnetic transformation and 
up to the point of transition to the paramagnetic state, the alloy has the follow- 
ing properties: in the 375 to 448° interval the remanent magnetization is virtu- 
ally zero (Fig.6); the coercive force is also negligibly small or zero: the sam- 
ples are very easily demagnetized. 

In this region the magnetic susceptibility is three orders of magnitude low- 
er than at temperatures below 375°, but is still appreciable compared with the 
paramagnetic susceptibility. Hence the alloy is still strongly magnetized in a 
magnetic field (Fig.6). As will be evident from the I, vs t curve the tempera- 
ture of the transition to the paramagnetic state is 448°, 

It will be evident from our results that quenched Supermalloy undergoes a 
ee UeUned transformation involving the formation of short range order at about 
300~. The I, and I, vs t curves indicate that this transformation terminates at 
about 340°, inasmuch as the normal decrease in magnetization owing to heating is 


compensated for by its increase as a result of short ran ; 
ge ordering only i 
300-3409 interval. g y in the 


= ee, 


Above 340° the Iy, Ig, Hg and ymax curves characterize the temperature de- 
pendence of the magnetic properties of the newly formed short range order struc- 
ture. This structure undergoes a magnetic transformation at ~375°. This trans- 
formation differs, however, from the usual transformation observed at the Curie 
point in that magnetic order does not disappear. As follows from the results of 
the heating-cooling-heating experiments, the magnetic transformation at ~375° is 
reversible and is not caused or accompanied by fundamental structural changes, 
i.e., formation of a new type of order. 

The abrupt drop of the remanent magnetization to zero and the decrease of 
the maximum susceptibility by three orders of magnitude at ~375° are evidence of 
the change in magnetic structure occurring at this temperature. These changes 
are apparently connected with antiferromagnetic orientation of the magnetic mo- 
ments. As is evident from the shape of the I, curve, the magnetic structure of 
the alloy in the temperature range from 375 to 448° is characterized by an order- 
ed state in which there is no resultant magnetization in the absence of an ex- 
ternal magnetic field. 

Supermalloy above 375° and ordered Ni3Fe alloy above 510° are strongly mag- 
netized by an applied field, but the remanent magnetization at these temperatures 
is virtually nil. This is apparently explained by the fact that the weak anti- 
ferromagnetic interaction of the sublattices is suppressed by the field. Hence 
the first magnetic transformation, giving rise to antiferromagnetic orientation 
of the magnetic moments, cannot be detected in strong magnetic fields. In con- 
trast, it is clearly brought out by the temperature dependence of the remanence. 

Thus the results of our studies are consistent with the above mentioned work 
of Prattl4, who demonstrated the possibility of transition of a metallic ferro- 
magnet to an antiferromagnetic state at some temperature below that of the usual 
transition to the paramagnetic state. 
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INFLUENCE OF HIGH-TEMPERATURE ANNEALING ON THE MAGNETIC PROPERTIES 
OF SOFT MAGNETIC ALLOYS 


- N.I.Lapkin & V.S.Mes'kin 


In our previous work! we investigated the influence of high-temperature an- 
nealing on the magnetic properties of iron-silicon alloys. By annealing samples 
of the investigated alloys at the same temperatures but in different media - re- 
fining and neutral - we established the separate effects of the structure factor 
and of reduction in the amount of deleterious impurities. 

In the present work we extended the investigation to iron-nickel alloys, 
namely, 50% Permalloy (grades 50N & 50NKhS) and Mo-Permalloy (N79M4). In addi- 
tion, in this report we give the results of a study of the effect of the regular 
industrial heat treatment of cold-rolled dynamo-grade steel and compare the rela- 
tive effects of special laboratory and regular industrial high-temperature an- 
nealing on the magnetic properties of hot-rolled transformer steel. 


Specimens and Procedure 


The iron-nickel alloys were studied in the form of ribbons - 0.05 and 0.15 
mm thick in the case of 50N and 50NKhS Permalloy and 0.35 mm thick in the case of 
N79M4 Mo-Permalloy - rolled into cores. For annealing the cores were placed in 
the hot zone of a corundum-sinter tube (inside diameter 40 mm, length 1000 mm) in 
which a good vacuum was maintained even at 1400°. The tube was heated in a Silit 
rod furnace. The annealing temperature was varied from 1150 to 1400°. The hold- 
ing time at all temperatures was 4 hours. By way of neutral medium we used ar- 
gon, which was purified to remove oxygen, water vapor and nitrogen by passing it 
through copper turnings heated to 700°, a series of dehydrators and magnesium 
shavings heated to 500-5509. By way of refining media we used pure hydrogen, ob- 
tained by the action of hydrochloric acid on zinc, vacuum and vacuum plus gas ab- 
sorbers; the last were pure calcium and magnesium prepared by vacuum sublimation. 
The cooling rate from the annealing temperature to 650° was 500-600° per hour. 

The magnetic properties of the heat treated cores were determined by the bal- 
listic procedure, primarily in weak fields. The coercive force was measured in 
a partial (minor) cycle with B = 5000 gauss; consequently, the coercivity values 
given below are somewhat lower than the true ones. 

The cold-rolled dynamo-grade steel was smelted in an arc furnace and contain- 
ed 0.02% C, 0.1% Mn, 1.35% Si, 0.012% P, 0.008% S, 0.02% Cr, 0.1% Ni and no Al 
(percentages by weight). Specifically, we investigated the influence of annealing 
at 1120° under vacuum (residual pressure 40-50 mm Hg) as compared with annealing 
at 850° in a protective atmosphere consisting of Nog with 6-12% Co and 0.5% CO. 

In both cases the annealed samples consisted of stacks of 0.35-1.0 mm thick sheets. 


Experimental Results 


Typical curves characterizing the variation of the magnetic iste pee A of 
the iron-nickel alloys as a function of the annealing temperature (to 1350”) are 
given in Figs.1,2 & 3. It will be evident that all the properties are improved 
by annealing, even in the case of annealing in argon. However, annealing in a 
refining atmosphere - in this case in vacuum with a gas absorber - yields an ap- 
preciably greater improvement of the magnetic properties. 

In contrast to Fe-Si alloyst, in the case of the present Fe-Ni alloys the 
enhanced effect of the refining medium with increasing annealing temperature is 
observed only for the maximum permeability (Rige2)% Apparently, a noticeable de- 
crease in the amount of deleterious impurities under the influence of the refining 


Fig.1. Influence of annealing tempera- 
ture on the coercive force Hg of Fe-Ni 
alloy cores: 1) 50N Permalloy ribbon 0.05 
mm thick, annealing in argon; 2) same, 
annealing in vacuum with gas absorbers; 
3) 5ONKhS Permalloy ribbon 0.15 mm thick, 
annealing in argon; 4) same, annealing in 


vacuum with gas absorbers. 


Fig.2. Influence of annealing temperature on 
1 & 2) the initial permeability uw, of N79M4 
Mo-Permalloy (0.35 mm ribbon); 3 & 4) the 10 
maximum permeability Umax Of 5ON Permalloy 
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(0.15 mm ribbon); 1 & 3) annealing in argon; 
2 & 4) annealing in vacuum with gas absorbers. 


p-10%,03 06e' 
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H, Ce 
Fig.3. Variation of the mag- 
netic permeability uw of 50N 
Permalloy (0.05 mm thick 
ribbon) after annealing at 
different temperatures in 
vacuum with gas absorbers. 


medium begins at a lower annealing temperature 
(~1000°) for Fe-Ni alloys as compared with Fe-Si 
alloys (11002). 

The total effect produced by a refining medium 
is weaker for Fe-Ni alloys as compared with Fe-Si 
alloys. This indicates that the extraneous impuri- 
ties removed in the refining-annealing process have 
less harmful influence on the magnetic properties 
of Fe-Ni alloys. Possibly, this is due to the fact 
that the most deleterious element, namely, carbon 
(not in the form of graphite) in Fe-Ni alloys dis- 
solves in the y-lattice and hence has less distort- 
ing effect on the lattice than in Fe-Si alloys, 
where it dissolves in the more compact Q-lattice. 

The strong influence of the refining medium on 
the maximum permeability, which increases with in- 
creasing annealing temperature (Fig.2), can presum- 
ably be explained by the fact that the maximum per- 
meability of Fe-Ni alloys is very sensitive to any 
nonmetallic phase present. For example, the high 
maximum permeability of Supermalloy is reduced by 
almost an order of magnitude if in the precess of 
preparation the melt is reduced with magnesium, 
which leads to the formation of a large amount of 
the nonmetallic phase in the alloy. 
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plapneric properties of Fe-Ni alloys after high-temperature annealing in vacuum 
with gas absorbers compared with the properties obtained according to ChMTU 
(Ferrous Metallurgy Technical Specification) 5010-55 


Saws | eae oer Magnetic propertics 
All thick- | C5014 
Oy nie Tomp. | Time, | eons Ho» Umax? as 
ss,mM} og | ae | cae és/oerst|-gs/oerst. | oerst, 
ee Se eee Cee 
SON 0.15 1350* 4 600 5000 52 
! 000 0.07 
. SO! 0.05 1350 “4 600 5000 38 000 0.08 
N79M4 0.35 1350 4 600 28000 150 000 0.04 
Aec. to ChMTU 5010_55 
SON OMS 1100** 3 100(accel.)| 2300 
: 2 23 000 0.20 
SON | 0.05 | EO es 3 100(accel)} 1900 19 000 0.25 
N'7OM4 0.35 1100** 3 200( air) 22000 120 000 0.02 


*Followed by repeat heating in vacuum at 750° and cooling at the 
rate of 30° per hour. 

**Heating in vacuum (residual pressure 1-10-72 mm Hg) or in dry 
purified hydrogen. 


We would like to call particular atten- 
tion to the exceptionally high absolute values 
of the magnetic properties that can be attain- 
ed by high-temperature annealing in a refining 
medium. By way of illustration, we have juxta- 
posed in the accompanying table the attainable 
values of Uo» Mmax and H, with the values ob- 
tained by the conventional heat treatment of 
the indicated alloys. It must be noted that 
these high values were attained despite the 
less favorable cooling conditions in our ex- 
periments. 

Fig.3 shows the magnetic permeability 
curves obtained for a 0.5 mm thick ribbon of 
50N alloy after annealing at different tempera- 
tures in vacuum with gas absorbers. 

Fig.4 shows the principal magnetization 
curves (specifically, the sections from 0 to 
0.01, from 0.2 to 1.2 and from O to 25 amp- 
-turns/cm) obtained for cold rolled dynamo- 
-grade steel after the conventional industrial 


a a anneal at 850° in a prec ue atmosphere and 
ee = tae C at 1120° in vacuum. It will be seen that in 
H, ampere—turns/cm fields up to ~5 amp-turns/cm the induction 
Fig.4. Magnetization curves ob- after annealing at high temperature is appreci- 
tained for cold-rolled dynamo ably higher, while in higher fields it is vir- 


steel with 1.35% Si after anneal- tually the same after both types of heat treat- 
ing. Solid curves - magnetization ment. 


in direction of rolling, 22 hours 
heating at 1120° in vacuum. Dash- ' 
-dot curves - magnetization in direction of rolling, dashed curves - magnetization 


perpendicular to direction of rolling; in both cases annealing for 24 hours at 
850° in a protective atmosphere. 


Fig.5. Anisotropy of cold-rolled 
1.35% Si dynamo steel (0.35 mm 
thick sheet) after annealing: 1) 
at 850° for 24 hours in a protec- 
tive atmosphere, 2) at 1120° for 
22 hours in vacuum at a residual 
pressure of 40-50 mm Hg, 3) cold- 
-rolled transformer steel after 
annealing at 1100° for 3 hours in 
vacuum. @ - angle of magnetiz- 
ation relative to direction of 
rolling. 
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It is interesting to note that the de- 
gree of anisotropy of cold-rolled dynamo steel 
after annealing at 1120° is lower than after 
annealing at 850°, as may be seen from the 
curves of Fig.5, recorded on an Akulov-Bryukha- 
tov anisometer by the Aksenov-Grigorov~ pro- 
cedure. Essentially these curves represent 
the normal component of the magnetization I,, 
as measured by a ballistic galvanometer, as 
a function of the angle m between the direc- 
tion of magnetization and the direction of 
rolling. The specimen was a disk 35 mm in 
diameter. 

The difference in the degree of textur- 
ing (grain orientation) after annealing at 
850° and at 1120° is presumably connected 
with the fact that the former temperature 
lies below and the latter temperature above 
the phase transition point in 1.35% Si dynamo 
steel3, Even after annealing at 850°, how- 
ever, the degree of texturing amounts to only 
25-30%, whereas in cold-rolled transformer 
steel it now attains 75 or even 95%. For pur- 
poses of comparison, we also give in Fig.5 
the curve for E330 transformer steel annealed 
for 3 hours in vacuum at 1100°. 

Fig.6 shows the influence of heating tem- 
perature in laboratory annealing under vacuum 
(residual pressure 1°10-2-5-1073 mm Hg) on the 
magnetic properties, losses and grain size of 
hot-rolled transformer steel with 4.4% Si in 
the form of 0.35 mm sheets, as experimentally 
determined by G.A.Zykov. 
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Fig.6. Influence of annealing temperature on the properties of hot-rolled 4.4% Si 

transformer steel: a - 0.35 mm sheet, laboratory annealing in vacuum at a residual 

pressure of 1-10-2-5-1073 mm Hg (results of G.A.Zykov); b - regular industrial 
annealing in vacuum at residual pressure of 40-50 mm Hg. 
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It will be evident that with increasing annealing temperature, the induction 
in weak fields increases substantially, while the losses are reduced. However, 
the B25 gauss induction decreases somewhat in agreement with the earlier results 
of Zaimovskii & Ostrovskiit and Trakhtenberg®. The properties (except B95) change 
in the same direction with increasing heating temperature up to 1160° in industri- 
al annealing (Fig.6,b) at a residual pressure of 40-50 mm Hg. However, the abso- 
lute values of the magnetic parameters, particularly in weak fields, are appreci- 
ably higher after laboratory annealing, which can largely be explained by the 
strong refining influence of the medium. 
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FERROMAGNETISM OF Mn-B ALLOYS 
- N.Z.Miryasov & A.P. Parsanov 


There have been only a few studies!-7 of the Mn-B system and the aval Tape 
data as regards both magnetic properties and phase composition are conflicting. 
Thus, Binet du Jassoneix2 speaks of the presence of only two phases - MnB and 
MnBy - whereas Kiessling? asserts that there exist pont phases - MngB, MngB , MnB 
and Mn3B, - and questions the existence of MnBy. The inference drawn by Binet du 
Jassoneixthat ferromagnetism in this system is due to the compound MnB (16.6% B 
by weight) is doubtful inasmuch as he obtained a much lower magnetization for 
this compound than for the alloy with 13% B by weight, for which he obtained the 
maximum magnetization value. Ochsenfeld® reports obtaining a maximum magnetiza- 
tion for the alloy characterized by Mn],7B (10.5% B by weight) and hence doubts 
that MnB is the ferromagnetic agent in the Mn-B system. There are virtually no 
quantitative data in the literature on this system, except for the brief communi- 
cation of Weiss & Foex® that for MnB there was obtained an induction of about 
1830 gauss in an H = 786 oersted field and that H, = 30 oersted and the Curie 
point @ = 260°, 

The purposes of the present work were to investigate the composition depend- 
ences of the spontaneous magnetization 0, and Curie point 9 of Mn-B alloys and to 
determine the conditions for the appearance of ferromagnetism in this system. 

The alloys were prepared by melting manganese (purity > 99.98%) and boron 
(purity > 99.3%) in an atmosphere of argon in an hf induction furnace. To insure 
homogeneous composition of the samples, the initial ingots were remelted and then 
annealed in vacuum for 10 hours at 980°, followed by relatively slow cooling to 
room temperature. It proved feasible to extract single crystals suitable for x- 
-ray studies from these ingots. The alloys proved to be very hard and brittle, 
and could not be machined. Chemical analysis showed that the total Mn + B content 
in different alloys varied between 99.60 and 99.98%. The magnetization o per unit 
mass was measured in the temperature range from 77°K to the Curie point by the 
Sucksmith procedure® , which utilizes a uniform field with a weak gradient produced 
by current flowing in the same direction in two parallel copper strips. 

For the low temperature measurements we designed and constructed a special 
thermostat in which the cooling was realized by metered flow of vapor from liquid 
nitrogen. It was possible to set any desired temperature from room temperature 
to 110-120°K to within +0.5° and to maintain it constant for the requisite period. 

The maximum relative error in determining 0 for most of the samples varied 
from 0.7 to 0.4%; it attained 2% for a few samples with weak magnetization. The 
Curie point was measured on an astatic magnetometer in weak fields (i.e., utiliz- 
ing Hopkinson's effect) and was also determined from the temperature dependences 
of the electric resistivity and the magnetization in strong fields. 

a rh itd we investigated over 20 alloys with boron concentrations from 5 to 
6 (ie 

The alloys containing from 3 to 33% boron proved to be nonferromagnetic both 
at room temperature and at liquid nitrogen temperature and hence will not be dis- 
cussed here. We retained the 14 samples characterized in the accompanying table 
for more detailed investigation. 

The magnetization attained limit values in fields of 13 000-14 000 oersted; 
hence these values were taken as the saturation magnetization og. The temperature 
dependence of Og in the range from 77°K to room temperature for one of the samples 
is shown in Fig.l. The experimental points plotted as a function of T? fall on a 
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*Hereinafter all compositions are given in atomic percent. 
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Composition and spontaneous magnetization 09 at O° of Mn-B alloys samples 


MN | % B |at.%B a | M | % +, B at.%B A 
SS ee | ee ee es 
: — 
y| 9,10 3a, 2,02 8 13,92 45,1 
? ’ ) , , 88,0 
2 9,46 34,6 0,38 9 14,54 46,3 103,0 
: 9,86 30,7 6,14 10 15,38 48,0 120,0 
10,31 36,9 11,40 11 16,02 49,2 135,3 
5 10,70 37,8 PAA 12 1527, syn 137,6 
6 12,5 42,0 56,0 13 1755 51,9 136,0 
7 13,26 43,7 79,4 14 18,0 | 02,7 134,0 
r] a 
6, 
150 
100 
50 
30 40 50 60 


B content, at.% 
Fig.l. Variation of the saturation magnetization O, with the temperature (1) and 
with T? (2) for the Mn-B alloy containing 48% B. 

Fig.2. Variation of the spontaneous magnetization Og with the boron 
content in Mn-B alloys. 


straight line oO, = ‘ofan € Oe aT?) plot . Hence the spontaneous magnetization 0, was 
determined by extrapolation of this straight line to O0°K. Similar dependences of 
Og on T were obtained for the other samples. 

Fig.2 shows the composition dependence of the spontaneous magnetization Oo. 
It will be evident that a steep linear increase in 0, begins at about 37% B and 
that a maximum is attained at 50% B. With further increase in the boron content 
the spontaneous magnetization begins to decrease. 

The variation of the susceptibility Q with temperature in a 54.6 oersted 
field (this field value was chosen to obtain the maximum effect) is shown in Fig. 
3. All the investigated samples yielded a more or less extended hump in the 220 
to 240° region. In the case of samples containing over 37% B there is evinced a 
second, sharper maximum, the position of which can be gaged within 1-2° (curve 1 
in Fig.3); the position of this maximum varies from 285 to 293°, depending on the 
boron concentration. The curves for alloys with 37% and less boron exhibit a more 
or less pronounced break in this temperature region (curve 2 in Fig.3). 

The Q@ vs T curves showed no evidence of temperature hysteresis, i.e., identi- 
cal curves were obtained with increasing and decreasing temperature. Moreover, 
quenching from 570° and from 980° in water did not alter the character of the tem- 
perature dependence of the susceptibility, which indicates that no phase transi- 
tions affecting the magnetic properties occur in the given temperature range. 
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Fig.3. Temperature dependences of the magnetic susceptibility @ of Mn-B alloys 
with 43.7% B (1) and 36.9% B (2). 
Fig.4. Variation of the temperature coefficient of resistance dR/dT (1) 
and saturation magnetization Og (2) with temperature for Mn-B alloy con- 
taining 43.7% B. 


The variations of the temperature coefficient of resistance dR/dT and the 
saturation magnetization 0, in a 7450 oersted field as functions of T showed no 
singularities in the 220 to 240° interval, while at the temperature corresponding 
to the second maximum in the @ vs T curve (curve 1 in Fig.3) both these paramet- 
ers exhibited changes characteristic of a magnetic transition. Quenching from 
570° and 980° in water and 10 hour annealing at 980° did not change the magnitude 
of Og at room temperature, which is evidence that there forms in the investigated 
alloys a stable state not affected by heat treatment. 

Our x-ray diffraction and metallographic data indicate the existence of four 
phases in the investigated range of concentrations; for two of these, namely, 
Mn,4B and MnoB, we were able to determine the lattice type and parameters from 
measurements on single crystals. The results obtained are in good agreement with 
the data of Kiessling’, but are in conflict with the data of Binet du Jassoneix?. 

It will be evident from the cited data that in Mn-B alloys the Curie point 
remains virtually the same (289 + 4°) at all boron concentrations. This indi- 
cates that in this system there is only one ferromagnetic phase, namely, MnB. The 
distance 2R between the Mn atoms in this phase, which has the FeB type structure, 
satisfies the condition for a positive Slater exchange integral (R/r > 1.5) if 
the diameter 2r of the unfilled d shell is taken equal to 1.71 A. 

The hump in the @ vs T curve in the 220 to 240° interval (Fig.3) is not pe- 
culiar to the given alloy; its appearance might be connected with technical mag- 
netization processes, for example, with the anisotropy constant K going to zero 
at a given temperature. However, utilizing a quasi-single crystal of suitable 
size of the 48% B alloy and measuring the temperature variation of the torque 
(proportional to the anisotropy constant) on an anisometer, we found no singulari- 
ties in the 220 to 240° region. Consequently, the hump in the @ vs T curve ob- 
served in this temperature interval is not due to temperature dependence of K. 
The value of K evaluated from the torque at room temperature in a 20 000 oersted 
field is 5-108 erg/cm3. 

The absence of a distinct peak at the Curie point in the @ vs T curves for 
samples containing less than 37% B is presumably explained by the small amount 
of the ferromagnetic MnB phase in this range of concentrations and by the charac- 
ter of its distribution in the nonferromagnetic matrix. 


—S2o8=— 


| Ferromagnetism begins to appear in alloys containing over 33% B, i.e., at 
concentrations at which the MnB phase begins to form and segregate. The spon- 
taneous magnetization attains a maximum value for the pure MnB phase and equals 
140 + 1 gauss cm3 g-! (Fig.2); this is almost 2.5 times the value of OG, for Ni. 
The average atomic moment for MnB is 1.65 Mp. The saturation induction B, for 
MnB at room temperature (measured by Kiessling’; density 6.45 g/cm3) is about 

10 000 gauss; at OK, By = 11 300 gauss. In view of its large anisotropy con- 


stant and high value of B,, MnB may prove of practical value as a permanent mag- 
Meit. 


Faculty of Physics, 
Moscow State University 


References 


- F.Heusler, Z.angew.Chem., 17, 260 (1904). 

- A. Binet due Jassoneix, Compt.Rend., 139, 1209 (1904); 142, 1336 (1906). 
E.Wedekind, Trans.Faraday Soc., 8, 160 (1912). 

. E.Wedekind, Ber.dtsch.Chem.Ges., 40, 1259 (1907). 

P.Weiss & G.Foex, Intl.Crit.Tables, 6, 407 (1929). 

- R.Ochsenfeld, Ann.Phys., 12, 354 (1932). 

- R.Kiessling, Acta Chem.scand., 4, 146 (1950). 


. W.Sucksmith, C.A.Clark, D.J.Oliver & J.E.Thompson, Rev.Mod.Phys., 25, 
64 (1953). 


OANOOTPRWNHE 


- 282 - 


INVESTIGATION OF THE Ni0-Zn0-Fe,03 SYSTEM 
- K.A. Piskarev 


I. Curie Point and Phase Composition 


1. There have been numerous studies!~9 devoted to the phase composition of 


the Ni0-Zn0-Fe 90, system and determination of the extent and limits of solubility 
of the components 


(NiO, ZnO and Fe903) 
in stoichiometric 
Ni-Zn ferrites. The 
data given by differ- 
ent authors on the 
solubility of the ex- 
cess components are 
conflicting. Most 
of the investigations 
referred to above 
were based primarily 
on x-ray diffraction 
studies. In the pres- 
ent work, we attempt 
to draw certain de- 
ductions regarding 
the phase composition 
of the Ni0-Zn0-Fe903 
system on the basis 
of regularities in 
the variation of the 
Curie point and the 
results of x-ray dif- 
fraction analysis. 
The x-ray dif- 
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(fae | 
LEI / j 
60 80 


a an, Fe,0, 
Fe.03 mole % 


Fig.l. Investigated compositions in the Ni0-Zn0-Fe903 fraction studies were 
system. carried out by A.P. 
Erastova. 


2. The sample compositions were chosen with reference to lines passing 
through the vertices of the concentration triangle and intersecting at the 50 
mole percent Feo03 line. The compositions represented by the points lying on 
these lines (see Fig.1) have a constant ratio of the two components indicated at 
the opposite vertices of the triangle. Ferromagnets corresponding to the 50 mole 
percent Feo0, line represent Ni-Zn ferrites of stoichiometric (equimolar) compo- 
sition and have been thoroughly studied. 

Compositions corresponding to lines passing through the 100% NiO vertex can 
be represented by the following formula (in terms of molar percentages of the 
initial components): 


(100 — 2) [(0.5 — n) NiO + nZnO + 0.5 Fe,05] + 2 NiO, (1) 


where Q is the excess of NiO in mole percent with reference to the stoichiometric 
composition indicated in the brackets. Analogously, the compositions with excess 
ZnO and Fep20,3 can be described by the formulas 


== 203 = 


(100 — y) [(0.5 —n) NiO + n ZnO + 0.5 Fe,Os] + y ZnO, 


(100 — z) [(0.5 — n) NiO + n ZnO + 0.5 Fe,Og] + z Fe.0s, 


(2) 
(3) 


where y and z are, respectively, the excess amounts of ZnO and Fe,03 in mole per- 


cent. 


3. The samples for investigation were prepared by the procedure employed in 


the production of Oksifers {¥ ferrocart). 


This procedure insures the highest de- 


gree of ferritization of the oxides and a composition within +0.2% of the speci- 


fied one. 10 
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Fig.2. Variations of the Curie point 

@ (1), lattice constant a (2) and spe- 
cific magnetization Oo (3) with the ZnO 
content n in ferrites prepared from 
batches having the composition 100 xX 
[(0.5 - n) NiO + nZnO + 0.05 Feg03] 

at different sintering temperatures. 
A - Curie points according to 
Pothene!!, 


nn 


are shown in Fig.2.* 


The ring-shaped samples (outside diameter 24 mn, inside diameter 13 


mm) were sintered at 1110, 1240, 1320, 
1375 or 1420°, After sintering, the 
samples were cooled slowly with the fur- 
nace at the following rates: from the 
sintering temperature to 1100° at 100° 
per hour, from 1100 to 900° at 80° per 
hour, from 900 to 500° at 40° per hour, 
from 500 to 200° at 20° per hour; at 200° 
they were removed from the furnace. 

4. For the purpose of determining 
the Curie points, we recorded the tem- 
perature dependences of the inductance 
L of the samples (windings of constantan 
wire), the experimental points being 
taken at 10-20° intervals in general and 
at 3-5° intervals in the temperature 
range near the Curie point. The induct- 
ance measurements were carried out with 
an accuracy of +0.2% on a Maxwell bridge 
at a frequency of 1000 cps in a field of 
5 millioersted. The measurements were 
made with the samples in a thermostat 
capable of maintaining any set tempera- 
ture within +1° in the range from -80 to 
270° and within +3° in the range from 270 
to 600°. The Curie point was taken as 
the temperature at the point of intersec- 
tion of the tangent to the steepest part 
of the falling section of the L curve 
with the temperature axis. The accuracy 
in determining the Curie point was evalu- 
ated to be +3%. 

5. Curves characterizing the varia- 
tion of the Curie point with the ZnO con- 
tent for samples of stoichiometric compo- 
sition sintered at different temperatures 


*The measured values of the Curie points are not shown in the curves of 
Figs.2-5; in all cases the experimental points did not deviate from the plotted 
curves by more than the experimental error (3%) in determining the Curie point. 
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Fig.3. Variation of the Curie point with excess NiO content x in ferromagnets pre- 

pared from batches with the composition (100 -x){(O.5 - n) NiO + nZnO + 0.5 

Fe20.] + xNiO sintered at 1320°. The values of n are indicated at the curves. 
Fig.4. Variation of the Curie point with excess ZnO content y in ferro- 
magnets from batches with the composition (100 -y)[(o.5 - n)Ni0+0.5 Fe903/ 
+ yZnO sintered at 13209, The values of n are indicated at the curves. 

Fig.5. Variation of the Curie point with excess Feg03 content z in samples 

from batches with the composition (100 - 2) {(0.5 - n) NiO + nZnO + 0.5 Fe903] + 

+ zFe903 sintered at 13209. The values of n are indicated at the curves. All % 

molar. 


It will be evident that in the O to 30% ZnO range the Curie point does not 
depend on the sintering temperature. At ZnO concentrations >30%, the curves for 
sintering temperatures of 1110, 1240 and 1320° also virtually coincide, while for 
sintering temperaturesof 1375 and 1420° the curves deviate, the Curie points be- 
ing higher for higher sintering temperatures. The probable reason for the in- 
crease of the Curie point at sintering temperatures above 1320° is evaporation of 
some ZnO from the Ni-Zn ferrite; this is substantiated by analyses. In Fig.2 we 
also show the data of Pothénell on the variation of the Curie point of Ni-Zn fer- 
rites. 

6. Figs.3,4 & 5 show the variation of the Curie point of Ni-Zn ferrites with 
the excess of NiO, ZnO and Fej03 for samples sintered at 1320°. It will be seen 
that these curves exhibit two types of concentration dependence: the first in 
which the Curie point does not vary and the second in which the Curie point con- 
sistently rises or falls. Where @ does not vary with change in the excess oxide 
content, obviously, the composition of the ferromagnetic phase remains constant and 
the excess oxide is present in the form of a nonferromagnetic phase. Where @ does 
vary, two cases are possible: 1) the excess oxide forms a solid solution with the 
initial Ni-Zn ferrite of stoichiometric composition or 2) the excess oxide, NiO 
or ZnO, reacts with the Ni-Zn ferrite with the resultant formation of a ferrite 
having an NiO to ZnO ratio differing from that in the initial material. 

Most investigators!,3,4,8,9,12,13 consider that the oxides of bivalent met- 
als are virtually insoluble in the spinel phase. However, there are indications 
in the works of Van Arkel et al?2,14 and Toropov et a1® that Ni-Zn ferrites can 
incorporate up to 30% ZnO and up to 15% NiO. In view of the conflicting data on 
the solubility of bivalent oxides in the spinel phase, x-ray diffration patterns 
were obtained for a series of samples of Ni-Zn ferrites with an excess of bivalent 
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oxides for the purpose of determining the lattice constant of the spinel phase, 
‘The Curie points of these samples were determined beforehand. The lattice con- 
stants of Ni-Zn ferrites of stoichiometric composition are shown in Fig.2 (curve 
2).8,9 If it be assumed that the bivalent oxides, NiO and ZnO, do not enter into 
solid solution with the Ni-Zn ferrite of stoichiometric composition but that only 
the NiO to ZnO ratio in the Ni-Zn ferrite changes, then, knowing the Curie point 
of the sample of nonstoichiometric composition, one can from the curves of Fig.2 
determine the composition of the ferromagnetic phase and the lattice constant. 

If the lattice constant determined from the Curie point (by means of the curves 
in Fig.2) coincides with the lattice constant of the ferromagnetic phase deter- 
mined from x-ray diffraction patterns for the sample of nonstoichiometric compo- 
sition, it may be inferred that the composition of the ferromagnetic phase of the 
sample is identical with the composition determined from the Curie point. In the 
case of the investigated series of samples with different excess amounts of NiO 
and ZnO the lattice constants determined from the Curie point and by x-ray dif- 
fraction agreed within the limits of measurement (+0.001 kX). Thus we establish- 
ed that the excess bivalent metal oxide does not enter into solution with the Ni- 
-Zn ferrite, but that only the ratio of NiO to ZnO changes as compared with that 
obtaining in the initial Ni-Zn ferrite. 

The x-ray diffraction studies showed that NiO and ZnO form a limited solid 
solution. With increase in ZnO content from 0 to 38% the x-ray patterns of 
samples sintered at 1320° exhibit only the lines of NiO (halite), while the lat- 
tice constant increases from 4.17 to 4.21 kX, i.e., in this range of ZnO concen- 
trations we have solid solutions of ZnO in NiO. When the ZnO content exceeds 38%, 
the lattice constant does not change further with increase in ZnO content and 
there appear in the pattern lines characteristic of ZnO, i.e., we have two phases, 
namely, a solid solution of ZnO in NiO (with NiO: ZnO = 1.63) and ZnO. 

In Fig.6 we have plotted iso-Curie point lines on the basis of the data of 
Figs.3,4 & 5. The left part of this diagram can be subdivided into three regions 
according to the character of the composition dependence of the Curie point: re- 
gion I bounded by the lines ABCA, region II bounded by ADBA and region II bounded 
by AOEFA. Let us denote the molar percentages of Fe903, NiO and ZnO in the ini- 
tial batch through A, B and C, respectively, and the amounts of Fe9203, NiO and 
ZnO entering into the composition of the ferromagnetic phase through Ay, By and 
Cy- In the part of the triple diagram corresponding to compositions containing 
less than 50% Fe903 the formation of the ferromagnetic phase takes up all the 
iron oxide (A - Ay) and an equivalent portion of the bivalent metal oxide. The 
remainder of the oxides (B + C - A) forms a single or complex nonferromagnetic 
phase. Analysis of the 9 lines (Figs.3 & 4) passing through region I shows that 
the formation of oxide ferromagnets having a Curie point below 200° is described 
by Ay = A, By =B and C; = A-B, i.e., that all> the nickel oxide present enters 
into the composition of the ferromagnetic phase. The fraction Of ZnOy not enter-— 
ing into the ferromagnetic phase, is present in the form of a nonferromagnetic 
phase; its amount is C - Cy =B+C- A. Thus the excess ZnO does not enter in- 
to solid solution with the Ni-Zn ferrite and does not alter the Ni0-ZnO ratio in 
the initial Ni-Zn ferrite, provided its Curie point is below 200° or, what amounts 
to the same thing, if the ZnO content in the Ni-Zn ferrite ae greater than 29%. 
Excess NiO in Ni-Zn ferrites having a Curie point below 200 produces an almost 
linear rise of the Curie point. This is explained by the fact that the entire 
excess of NiO goes for the formation of the Pe upomarne t+ Co phase and only an NN: 
of zinc oxide equal to the excess of NiO remains free we ie Gen, anver tect Zn ions 
are displaced by Ni ions in the Ni-Zn ferrite of initial composition, In region 
I there are always two phases: one ferromagnetic phase of varying’ composition 
with the spinel structure (Ni-Zn ferrite of stoichiometric composition), the other 
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Fig.6. Curie points of ferromagnets in the Ni0-Zn0-Fe903 system. Sintering tem- 
temperature 1320°. 


a nonferromagnetic phase, consisting of zinc oxide. If we take the total weight 
of the sample as 100% and denote the percent by weight of the ferromagnetic phase 
in region I through Ky, we can write 
Keg oe A eS ene) orm 
AM ,+BM,+CM, 
where Ma, Mp and Mo are the molar weights of Fe203, NiO and ZnO, respectively. 
Obviously, the amount of nonferromagnetic phase will be 100 - Ky. 

The Curie point of compositions lying in region II of the triple diagram 
(Fig.6) does not vary with changes in composition (horizontal parts of the curves 
in Figs.3 & 4); for a sintering temperature of 1320° the Curie point @ = 200°. 
Consequently, in this region the composition of the ferromagnetic phase does not 
vary: the ferromagnetic phase consists of Ni-Zn ferrite with 29% ZnO. The follow- 
ing two conditions are satisfied in the formation of the ferromagnetic phase in 
oxide ferromagnets lying in region II: 


Be c+: CHK Alban eee eon rca 
I I = Gis = 55 = 0.72. 


In view of the fact that solid solutions of NiO and ZnO are characterized by 
the ratio Ni0:Zn0 = 1.63, the nickel oxide deficient compositions lying in region 


II will always have two nonferromagnetic phases: one consisting of the limit solid 
solution (composition Nig, g9Zn9, 380) and the other consisting of free ZnO. The 
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, percentage of ferromagnetic phase in region II is given by 


AM 4 + 0.42 AM, + 0.58 AM, 
AM, + BM, + CM, 
the amount of the halite phase (Niop,62Zng9, 380) by 


i — - 100%, 


1 
h  (B—0,42A) Mp + 75 (B—0.42A) My 


Ky;= / 
I] AM, + BM, + CM, - 100%, 
and the amount of free zinc oxide by 


“ h 
100 — Ky; — Kj. 


In the case of compositions corresponding to region III in the triple dia- 
gram, the Curie point goes down with increase of excess ZnO and rises with in- 
crease of excess NiO, inasmuch as an excess of either oxide alters the NiO: ZnO 
ratio obtaining in the initial Ni-Zn ferrite. Analysis of the curves of Figs.3 
& 4 in region III shows that the amounts of NiO and ZnO entering into the compo- 
sition of the ferromagnetic phase are approximately proportional to the amounts 
of NiO and ZnO in the batch composition, i.e., By = OB and Cy = OC, where q is a 
coefficient defined by @ = A/(B + C). The quantities By and Cy can be determined 
more accurately from Fig.2, if the Curie point of the investigated oxide ferro- 
magnetic is known. The molar percentages of NiO and ZnO not entering into the 
ferromagnetic phase will be 


B-Br=B-,C. and c-Cysc- "_. 
The ratio B/C = (B - By)/(C - Cy) in samples lying in region I is always greater 
than 1.63; consequently, in compositions corresponding to region III there is 
present only one nonferromagnetic phase consisting of a solid solution of ZnO in 
NiO with the halite structure. 
The amount of ferromagnetic phase is given by 


tr AB AC 
ADM EPUCEE, La PriChe ONO, 
AM,+BM,+CM, : %: 


The amount of nonferromagnetic phase is obviously equal to 100 - Kyyyq. 
Let us analyze two cases of interaction of 


eg — 


a°e Ni-Zn ferrites of stoichiometric composition with 
7 == ee NiO and ZnO as the excesses of these oxides in- 
crease. 


Case l. The initial ferrite has the composi- 
tion Nig, 2Zn9,gFe203 (n = 0.4 curve in Fig.3). 
With an NiO excess of up to about 9.5%, the nickel 
oxide interacts with the ferrite so that all the 
excess NiO enters into the composition of the Ni- 
-Zn ferrite and an equivalent amount of ZnO is 


200 


oe "forced out" of the ferrite. The Curie point rises 
0 10 20 20 to 200° (Fig.2). With further increase in the ex- 
NiO mole % cess of NiO, there is no additional interaction of 
Fig.7. Variation of the Curie the oxide with the Ni-Zn ferrite. There begins a 
point @ with the excess different process, that of formation of the halite 
amount of NiO (x) in ferro- phase. The nickel oxide combines with the zinc 


magnets with the batch com- oxide to form a solid solution with the ratio Ni0: 
position (100 - x (0.5 - n) :ZnO = 1.63. With increase of excess NiO, the 
NiO + n ZnO + 0.5 Feo03] + amount of ZnO (displaced earlier from the Ni-Zn 

+ xNi0O, where n = 0.35. 

(Sintering temperatures indicated at the curves). 
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ferrite) decreases, while the amount of Ni09,62Zn9, 3g increases. Finally, at 

an excess of NiO approximately equal to 23%, all the zinc oxide is expended on 
the formation of the halite phase. Hence in the 9.5 to 23% range of excess NiO 
there occurs no change in the composition of the ferromagnetic phase. The Curie 
point remains constant. With increase of excess NiO above 23% there again be- 
gins interaction of the nickel oxide with the Ni-Zn ferrite. The nickel oxide 
again starts to force out zinc oxide from the ferrite, but the ZnO is replaced 

by only part of the NiO; the other part of the nickel oxide combines with the dis- 
placed zinc oxide to form the halite phase. Thus with increase of the NiO excess 
above 23%, the Ni0:znO ratio in the ferromagnetic and halite phases increases and 
accordingly the Curie point rises. 

Case 2. The initial Ni-zn ferrite has the composition Nig, 7Zno,3Fe203 (n = 
= 0.15 curve in Fig.4). With increase of the ZnO excess up to 19%, the zinc ox- 
ide interacts with the initial Ni-Zn ferrite so that part of the excess zinc oxide 
replaces the nickel oxide in the Ni-Zn ferrite. The displaced NiO combines with 
the free ZnO forming the halite phase (Ni,Zn)O. With increase of the ZnO excess 
the NiO: ZnO ratio in the ferromagnetic phase decreases and the Curie point goes 
down to 200° in accord with the dependence of the Curie point on the ZnO content 
for Ni-Zn ferrites of stoichiometric composition (Fig.2). The NiO: ZnO ratio in 
the halite phase decreases and becomes equal to 1.63 when the excess ZnO attains 
19%. Further increase of the ZnO content does not alter the composition of the 
ferromagnetic (spinel) or the nonferromagnetic (halite) phases. Instead, when the 
znO exceeds 19%, there appears a third phase, namely, ZnO, the amount of which in- 
creases in proportion to the increase of excess ZnO. 

Above we describedthe dependences of the Curie point on the composition of 
samples sintered at 1320°. Similar dependences can be plotted for samples sin- 
tered at 1110, 1240, 1375 and 1420°, but there is no need to do this inasmuch as 
the Curie points of compositions corresponding to regions I and III in the triple 
diagram do not depend on the sintering temperature of the samples, at least with- 
in the limits of the experimental error in determining the Curie point (except 
for cases of dissociation of the Ni-Zn ferrites and evaporation of the zinc oxide 
at sintering temperatures above 13209). The Curie point of compositions corre- 
sponding to region II consistently goes down with increasing sintering tempera- 
ture, as is clearly evident from Fig.7. Decrease of the Curie point of composi- 
tions lying in region II with increasing sintering temperature is probably con- 
nected with the fact that the solubility of ZnO in the NiO halite phase depends 
somewhat on the sintering temperature. 

7. Ni-Zn ferrite compositions with an excess of Fe903 lie in the right hand 
side of the triple diagram. Fig.5 shows the variation of the Curie point of Ni- 
ene eae st WE ORAS a of Feo0., after singering of the samples at 1320°. It 

increase of the Fe203 excess, the Curie point increases 
passes through a maximum and then falls off sharply to the initial value Cl. Chey 
hein value for the composition with no excess Feg03) and thereafter remains con- 

The dependences of the Curie point of Ni-Zn ferrites on the Feo903 excess at 
sintering temperatures of 1110, 1240, 1320, 1375 and 1420° are shown for one of 
the sections of the triple diagram in Figc8. 

De ha enemninmr paren Tm rme mae ym 
position (100 -z) [0.15 NiO + 0.35 znO + 
+ 0.5 Fe903] + 2Fe903 and were sintered at 13209. In the patterns for 

aa samples 
containing less than 30% excess Feo03 there were present only lines ch t 
istic of spinel and the spinel lattice constant decreased with Heo 
amount of Fep03 (curve I in Fig.8), i.e., here we have a solid solution of iron 
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a oxide and Ni-Zn ferrite. In 
the case of excess amounts of 
Fe903 above 30%, the spinel 
a,kX lattice constant equals the 
8.40 300 lattice constant of the initial 
Ni-Zn ferrite and the patterns 
exhibit lines characteristic 
of Q-Feo903. Similar variations 
839 200 of the crystal lattice constant 
with increase in the Feo03 ex- 
cess are observed for all cross 
ace | sections of the triple diagram 
Wile eee eo (Fig.1). Thus there is full 
ie ge correlation between the regulari- 
ties characterizing the varia- 
p tion of the Curie point and those 
10 20 30 40 50 characterizing the variation of 
Fep03 mole % the lattice constant. 
Fig.8. Variation of the Curie point @ with the It may be inferred from 
excess amount of Fe203 in samples having the the Curie point curves shown in 
batch composition (100 - z)[(0.5 - n) NiO +n Figs.5 & 8 and the variation 
ZnO + 0.5 Feo903] + zFeo03 where n= 0.35. The of the lattice constant with 
sintering temperatures are indicated at the excess Feo03, as characterized 
curves. Curve I - variation of the lattice by curve I in Fig.8, that’ up to 
constant a of the spinel (ferromagnetic) phase an excess of 20 to 45% (depend- 
with the Fe903 excess for samples sintered ing on the ZnO content in the 
at 1320°. Ni-Zn ferrite) Fe90, forms a 


solid solution with Ni-Zn fer- 
rite of stoichiometric composition, while when the Fe903 excess exceeds 20-45%, 
the Fe903 does not react with the initial Ni-Zn ferrite. Thus a solid solution 
of the ferrite with the iron oxide can exist only up to a certain critical amount 
of excess Fe903. A further slight increase in the amount of excess Fe903 results 
in decomposition of the solid solution into Ni-Zn ferrite of stoichiometric com- 
position and Q-Fe903. 

In systems in thermodynamic equilibrium the properties should vary continu- 
ously in going from a one-phase to a two-phase region. In the cases considered 
above, the contrary obtains: in going to the two-phase region, the properties 
change abruptly, which is in conflict with the laws of thermodynamic equilibriun. 
The only way we can explain this deviation from phase equilibrium laws is to as- 
sume that the solid solution of Ni-Zn ferrite with excess Feo903 is a metastable 
phase. It is known that certain metastable states can persist indefinitely. 
Actually, the properties of magnetic materials prepared of solid solutions of Ni- 
-Zn ferrites with Fe903 are completely stable. The rate at which thermodynamic 
equilibrium is established increases with decreasing volume of the specimen (or 
particles), inasmuch as increase of the surface to volume ratio favors stabiliza- 
tion. Hence to determine whether the solid solution of Ni-Zn ferrites with ex- 
cess Feo903 is a metastable phase, at the suggestion of B,G,Livshits, NAS carried 
out the following experiment: samples consisting of solid solutions with an ex- 
cess of Fe903 were ground up and the powder compressed into rings. These rings 
were heated for 3 hours at 800° and then tested as usual to determine the Curie 
point. In all cases the excess Feo903 fell out of the solid solution, i.e., the 
Curie point fell to the value for the initial Ni-Zn ferrite. Thus we established 
that solid solutions of Ni-Zn ferrites with an excess of Fej03 represent a meta- 


stable phase. 
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A number of authors treating this subject consider that the formation of a 
solid solution of Ni-Zn ferrites with an excess of Fe,0 is possible only if the 
iron oxide enters into the solid solution in the y-modi ication.1-9,11 Measure- 
ments show that the lattice constant of solid solutions of Ni-zn ferrites with 
an excess of Fe903 is always smaller than the constant of corresponding Ni-Zn 
ferrites with stoichiometric composition. The decrease of the lattice constant 
can be explained only by assuming that the solid solutions form with the y-modi- 
fication of Fe903, inasmuch as the lattice constant of y-Feo03 is 8.32 kX, where- 
as the lattice constants of Ni-Zn ferrites lie in the range from 8.328 to 8.427 
(Fig.2). 

It is known that the cubic modification of iron oxide (y-Fe 903) is highly 
unstable in pure form. At a temperature of about 300° it transforms irreversibly 
to the rhombohedral modification (Q-Fe,03). But, although unstable in pure forn, 
¥-Fe503 can enter into solid solutions with metal oxides. 

Decomposition of solid solutions of iron oxide and Ni-Zn ferrites in cases 
when the Fe90,3 content exceeds a certain critical value can be explained in the 
following manner. Let us assume that the iron oxide in the y-modification exists 
at high temperatures; then in view of the imperfect isomorphism between Ni-Zn 
ferrites and y-Fe903 the solid solutions of these two substances should presum- 
ably conform to the regularities obtaining for systems with limited solubility. 
But, in view of the fact that y-Fe90, at high temperatures transforms irreversibly 
into Q-Fe203, the normal thermodynamic equilibrium between the two phases (solid 
solution of y-Fej03 in Ni-Zn ferrite and Q-Fep20,) is disturbed, which leads to 
decomposition of the solid solution into Ni-Zn ferrite and Y-Feo909- The y-Fe903 
coming out of the solid solution immediately transforms into Q-Feo903. The region 
of solid solutions of Ni-Zn ferrites with an excess of Fe903 in the triple dia- 
gram (Fig.6) is denoted by the figure IV and bounded by the lines HCFK (KH is a 
curving dashed line). 

Region V (bounded by HMK in Fig.6) comprises compositions having one ferro- 
magnetic phase and one nonferromagnetic phase. The composition of the ferromag- 
netic phase of the oxide ferromagnets in this region is the same as that of the 
initial Ni-Zn ferrites. The nonferromagnetic phase consists of Q-Feo03. The 
percentage of ferromagnetic phase in the region V is given by 


(B+C)M,+BM,+CM, 
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8. Phases of the Ni0-Zn0O-Fe,03 system in thermodynamic equilibrium are con- 
nected in the diagram (Fig.6) by dashed lines - "'connodal lines" by means of 
which one can readily determine the composition of the phases and their percent- 
ages. In regions I, III and V the "connodal lines'' coincide with the iso-Curie 
point lines. In case of more rapid or slow cooling of the specimens or sinter- 
ing under different conditions one must expect to observe some displacement of 
the phase boundaries and possibly the appearance of new boundaries. This obser- 
vation pertains particularly to Ni-Zn ferrites with excess Fe 903. 

In this work we made no attempt to evaluate the effect of solubility of small 
amounts (under 1%) of NiO and ZnO in Ni-Zn ferrites of stoichiometric composition 
of Ni-Zn ferrites in the initial batch components and of NiO in ZnO; as a result 
of such solution there may occur minor changes in the Curie point ad the lattice 
constant, but these should be within the limits of our experimental error. 
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II. Initial Permeability and Specific Magnetization 
eS eh MBE LZat ion 


1. Below we give the variations of the initial permeability uy and the speci- 
fic magnetization 0 of ferromagnets in the Ni0-Zn0-Fe 03 system; these variations 
substantiate the regularities as regards composition of the ferromagnetic phase 
established above on the basis of measurements of the Curie point and x-ray dif- 
fraction studies. 

The specimens for the magnetic measurements were prepared in the same manner 
and by the same procedure as the samples for investigating the Curie point. The 
samples for measuring the initial permeability were prepared in the form of rings 
with an outside diameter of 24 mm and an inside diameter of 13 mn; the samples 
for determining the magnetization and density were made in the form of bars mea- 
suring, 35 x10. x 10 mm. 

2. The initial permeability uj was measured on a Maxwell bridge. It was 
taken as the permeability calculated from the inductance of the ring with the 
winding, the inductance being measured at a frequency of 1000 cps in a 3 milli- 
oersted field. 

The magnetization I of the samples was measured at room temperature in a 500 
oersted field by means of a Neuman permeameter to within +7%. The specific mag- 
netization oO (magnetization per gram) was determined by means of the formula 


ore ee ok 
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where d is the apparent density of the sample. 


0 


3. The variation 
of the initial perme- 
ability in the Ni0- 
-Zn0-Fe903 system for 
samples sintered at 
1320° and 1375° is 
shown in Fig.9. 

The Curie point 
measurements and x-ray 
diffraction studies 
show that in the case 
of preparation of the 
samples by the proce- 
dure employed in the 
production of Oksifers, 
the formation of the 
ferrites and their 
solid solutions occurs 
in the initial process 
of preparation of the 


Fe, 0; 


60 80 ; 
ey So Aole % powder, i.e., goes to 
a completion during 
Fig.9. Initial permeability in the Ni0-Zn0-Fe50, system. sintering of the bri- 
The figures at the curves are the values of the initial quets. in the subse- 
permeability wi: a - general triple diagram for samples quent sintering of the 


sintered at 1320°; b - region of high values of Uy plotted acivalysenples (or 
to an enlarged scale; samples sintered at 1320°; c= simi- cores in the produc- 


i “bs tion of components) 
scale diagram for samples sintered at 13 
“aia é compressed of the 
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eround-up briquets, there occurs only compacting due to decrease of porosity and 
uniting of the powder particles into a homogeneous mass. Hence the increase au 
initial permeability with increasing sintering temperature for samples ot a given 
composition occurs primarily due to increase in the density of the material and 
gradual liquidation of the interparticle boundaries. 

The variation in permeability with changes of the batch composition (Fig. 9) 
can be explained on the basis of the regularities characterizing the variation 
in the composition of the ferromagnetic phase. The compositions of the ferromag- 
netic phase in samples corresponding to iso-Curie point lines in regions I, II, 
III and V (Fig.6) do not change and are equivalent to the compositions of the cor- 
responding stoichiometric Ni-Zn ferrites. The observed decrease of py with in- 
crease of the excess of any of the components (NiO, ZnO or Fe203) in these cases 
is explained only by decrease in the relative proportion of ferromagnetic phase, 
i.e., is the result of dilution, just as in the case of magnetodielectrics (mold- 
ed cores) the permeability decreases with increase in the amount of filler and 
pinder.!5,16 The initial permeability of samples having compositions lying in 
regions I, II, III and V cannot be calculated by means of the usual formulas, 
inasmuch as we do not know the size of the ferromagnetic particles, their demag- 
netizing factor or the distribution of the ferromagnetic particles in the non- 
ferromagnetic component. Approximate calculations yield lower values of uy than 
given by experiment. This may be due to there being numerous contacts between 
the ferromagnetic particles in the sintered samples. 

The initial magnetic permeability of compositions in region IV (uniform 
solid solutions of Ni-Zn ferrites with excess y-Fe903) is generally higher than 
the initial permeability of corresponding Ni-Zn ferrites with an excess of NiO 
or ZnO. It must be noted that oxide ferromagnets, having compositions in this 
region of the triple diagram, are of particular interest from the standpoint of 
fabrication of magnetic components with distinctive physical properties. These 
ferromagnets are characterized by higher values of @ and o and at the same time 
may have lower values of the loss factors 8), 8, and S- and of the temperature 
coefficient of initial permeability, as compared with corresponding Ni-Zn ferrites 
of stoichiometric composition. However, consideration of these characteristics 
of compositions lying in region IV lies outside the scope of the present study. 

Displacement of the region of high values of Uj to the side of higher initial 
percentages of ZnO and Fe90, (Fig.9) at sintering temperatures above 1320° is ex- 
plained by the fact that at these higher temperatures part of the ZnO evaporates 
from the solid solutions, as is evinced by the previously noted rise of the Curie 
points. The increase in M4, with increase in sintering temperature per se is ex- 
plained by increase in density of the material owing to reduction of the porosity. 

Harvey, Heggi & Leverenz!’ investigated some of the magnetic properties 
(particularly, the initial permeability and Curie point) of the Ni0-Zn0-Fe903 
system in the case of samples sintered at 1400°. Comparing their data with ours, 
we note a certain divergence between the respective curves for equal values of 
the Curde point, particularly at high excess amounts of Feo03. The character of 
the isopermeability curves given by Harvey et al is similar to that shown in Fig. 
Ie there™is only a certain disagreement regarding the actual values of Hi, parti- 
cularly in the region of high initial permeabilities. 

Gipletinataonyiet cry iieo-¢ ASH SeMCTHe IMEtUey Tie chek CEE Rae 
which corresponds 68 4nI > 5200 : i 7 i Moret Seebit ayaa iS et 

2 gauss) is exhibited by Ni-Zn ferrites containing 
15-20% ZnO and from 2 to 32% excess Feo03. 

In the case of oxide ferromagnets having compositions lying in regions I, 
II, III and V of the triple diagram, one can determine the amount and composition 
of the ferromagnetic phase. Knowing the composition of the ferromagnetic phase, 
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one can from curve 3 in Fig.2 
also determine the specific mag- 
ZnO netization of this phase. The 
specific magnetization Oy of a 
ferromagnet containing k% of 
ferromagnetic phase is given by 


ok 
100 


The calculated values of 
oO corresponding to some cross 
sections of the triple diagram 
are shown by solid lines in 
Figs.11, 12 & 13. The experi- 
mental values of the specific 
magnetization are given by the 
20 identified points (for differ- 
ent sintering temperatures) and 
in -additionjin Fig.1s by the 
dashed lines. It will be seen 
that the deviations of the cal- 
culated values of specific mag- 
Fig.10. Specific magnetization oOo in the Ni0- netization from the experiment- 
-Zn0-Fe20, system. Sintering temperature 1320°. al ones for ferromagnetic speci- 

mens having compositions in re- 

gions I, II and III of the triple diagram and sintered at temperatures from 1110 
to 1420° in most cases do not exceed the experimental error. For compositions in 
region V of the triple diagram the calculated and experimental values of 0 agree 
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Fig.11 Figs 12 . 
Fig.11. Variation of the specific magnetization Oo with the excess amount of NiO 
for samples having the batch composition (100 -x)f(1 - n) NiO + n Zn0 45055 
Fe903] + x NiO sintered at different temperatures. | 
Fig.12 Variation of the specific magnetization 9 Wii Decile exces seamount of 
zgnO for samples having the batch composition (100 - y)[Q - n) NiO +n ZnO + 
+ 0.5 Feg0,] + yZn0 sintered at different temperatures. 
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only for samples sintered 
at 1110 and 1240° (lower 
solid curve in Fig.11). 

For higher sintering tem- 
peratures, the magnetiza- 
tion increases with in- 
creasing excess Feo503- 

This increase in specific 
magnetization can be ex- 
plained only on the assump- 
tion that at higher sinter- 
ing temperatures the iron 
oxide present in the form 
of the nonferromagnetic 
phase Q-Feo903 partially 
transforms into magnetite 
(FeO-Fe20.) , which forms 

a solid solution with the 
ferromagnetic phase (Ni- 
-Zn ferrite). 

Region IV of the 
triple diagram represents 
solid solutions of Ni-Zn 
ferrites with excess Fe903. 
Fig.13. Variation of the specific magnetization 0 Here the character of the 
with the excess amount of Fe 50, for samples having variation of Oo is similar 
the batch composition (100 - z) (0.15 NiO + 0.35 ZnO + to the variation of the 
+ 0.5 Fe,03] + zFe03 sintered at different tempera- Curie point with excess 
tures. Fe90,, i.e., when the 

amount of excess Fe90., is 
such that the entire Fe 903 excess falls out of the solid solution, the magnetiza- 
tion drops abruptly and becomes equal to the calculated specific magnetization. 

5. Thus the regularities evinced in the variations of 4, and Oo with changes 
in composition substantiate our inferences regarding the phase compositions ar- 
rived at on the basis of the observed variation of the Curie points. 


80 
Fe,0,;mole % 
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STRUCTURE OF THE FAMILY OF SYMMETRICAL HYSTERESIS LOOPS OF FERROMAGNETS 
(Ni-Zn Ferrite) 
- V.1I.Drozhzhina & N.V.Erofeeva 


1. Previous investigationsl-4 were concerned with the behavior of the parti- 
al or minor symmetrical hysteresis loops with increase of the ratio Ip/I,g (where 
I, is the peak magnetization pertaining to the minor loop and I, is the satura- 
tion magnetization of the investigated material) in metallic polycrystalline fer- 
romagnets having a cubic lattice and an appreciable anisotropy constant, namely, 
dynamo and transformer steels and nickel. It was shown that the earlier accepted 
view according to which the hysteresis loop expands in all directions, i.e., both 
along the H and the I axes is valid only for the region where In < (0.5-0.7) Ig, 
i.e., the region corresponding to the section of the magnetization curve below 
the sharp bend in this curve, With further increase of I, this regularity no 
longer holds, that is, the central part of the loop remains constant (i.e., the 
coercive force attains a maximum, limiting value) and further increase in the 
area of the hysteresis loop occurs owing to rising of the upper (flat) part of 
the descending branch of the loop and a corresponding downward shift of the lower 
part of the ascending branch of the loop. It follows from the results given in 
Refs.1-4 that in the investigated metallic ferromagnets the hysteresis loos con- 
tinues to increase even at values of I, corresponding to magnetizations lying 
far beyond the sharp bend in the magnetization curve, where, as is commonly as- 
sumed, wall displacement processes terminate and there occur only reversible ro- 
tation processes. 

Investigation of the above mentioned regularities in the case of different 
types of ferromagnets, including nonmetallic ones (ferrites) is of undoubted in- 
terest. It may be noted that the processes occurring incident to magnetization 
and reversal of magnetization in ferrites have been far less thoroughly studied 
than in the case of metallic ferromagnets. 

2. In the present work we investigated the variation of the static symmetri- 
cal partial hysteresis loops in NTs-400 nickel-zinc ferrite, which has the spinel 
structure, with increase of I, from 0.2 I, to 0.95 Ig. The investigated samples* 
were in the form of rings having the following dimensions. 


Outside Inside . 
Sone diameter,cm diameter ,cm Thickness, cm 
No.1 2.00 1.04 0.55 
No.2 4,45 2.80 1.12 


The hysteresis loops were recorded by the ballistic method. Our measurement 
procedure differed somewhat from the conventional one and has been described in 
detail in Refs.1 & 4; it insures enhanced measurement accuracy, which is particu- 
larly important in the high field region where the loops become narrow. From the 
recorded partial loops we evaluated the coercive force he and the specific hys- 
teresis work Q. 

The curves for hg and Q as functions of I, and the magnetization curve (4nI 
vs H, where H is the magnetizing field) for sample No.l are shown in Fig.l. Ana- 
logous curves were obtained for sample No.2. It will be apparent from Fig.1 that 
for Ni-Zn ferrite the coercive force increases with increase of In up to 4xIy, = 
= 2200 gauss (which is equivalent to 0.85 Is), at which point h orenaae a ane 
tion value and the curve levels out. It will be evident from Homparicen of the 


. nae ferrite samples were supplied by L. I,Rabkin whom we take this occasion 
fe) ank. 
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Fig.1. Magnetization curve 
4nI = f GD) and curves for hg 
= f (4nIp) and Q = f (4nIp)- H, oersted 
Fig.2. Variation of the width 4n(Ij - I9) of partial hysteresis loops 
with the magnetic field H. The parameter for each curve is the maxi- 
mum field strength for the given partial cycle. This field strength 
corresponds to the point of intersection of the curve with the H axis. 


h, vs 4nIm and 4xI vs H curves that he attains its limiting, saturation value at 
a value of I, lying in the region of the sharp bend in the magnetization curve. 
This hysteresis work Q monotonically increases with increase of In) this growth 
of Q continues even after I, attains the value at which the hg curve levels off. 

For each partial cycle, we determined the width of the hysteresis loop at 
different values of the magnetic field. Some of the results are shown in Fig.2. 
The reproduced curves characterize the field dependence of 4 Gi - I9), where Ty 
and Ip are, respectively, the magnetizations on the descending and ascending 
branches of the loops. It will be evident from curves 4,5 & 6 that above a cer- 
tain value of I, the width of the loops in the region of weak fields (central 
cross section of the loop) remains constant. Increase of hysteresis with further 
increase in I, occurs due to widening of the upper and lower parts of the loops. 

It may be inferred from the experimental results that the character of the 
variation of the static symmetrical hysteresis loops with increase of I, for non- 
metallic ferromagnets (specifically, for Ni-Zn ferrite) is similar to that observed 
for metallic polycrystalline ferromagnets (silicon iron and nickel). 

3. It follows from the results of the present investigation, as well as from 
the studies of Refs.1-4, that there is appreciable hysteresis in the region of 
strong fields. The nature of this hysteresis is not yet understood. Possibly 
this high-field hysteresis is caused by the peculiar characteristics of the mag- 
netic structure of ferromagnets, recently observed and described by Shur et al”. 
Shur et al studied the magnetic structure of silicon iron by the powder pattern 
procedure and established that in addition to the principal magnetic domains there 
exists auxiliary (closure) domains of different types. Thus, on the surface of a 
crystal, the direction of easy magnetization in which does not coincide with the 
erystal surface, there appear auxiliary domains which tend to reduce the resultant 
magnetization of the principal domains. With increasing strength of the magnetiz- 
ing field, the size and number of the auxiliary domains decreases, and they disap- 
pear entirely upon attainment of saturation. As the magnetizing field is reduced, 
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the auxiliary domains reappear. But the field strength at which the auxiliary 
domains appear during demagnetization of the crystal is lower than the field at 
which they vanish during magnetization. Thus, in a certain range of high fields, 
the number of auxiliary domains should be larger during magnetization (ascending 
branch of the loop) than during demagnetization (descending branch of the loop). 
This may be the cause of magnetic hysteresis in the high-field region. To check 
this hypothesis, however, it would be necessary to carry out a parallel investiga- 
tion on the same specimen of the behavior of the symmetrical hysteresis loops and 
of the magnetic structure by observation of the powder patterns. 
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PROPERTIES OF NiFe90 4-MgFe90, SOLID SOLUTIONS 
- N.A.Smol'kov & Yu.P.Simanov 


Introduction 


Nickel-magnesium ferrites may be of interest in super-high frequency electron- 
ics. Unfortunately, there is only scant information on their properties in the 
literature.1,2 

We carried out an investigation of the structural, magnetic and high-frequency 
properties of nickel-magnesium ferrites of stoichiometric composition. The samples 
were prepared from the appropriate oxide by sintering for 3 hours at 1300°. The 
composition and color of the samples are listed in the accompanying table. 


Composition and color of the ferrite 1. X-ray Diffraction Studies 
samples 


According to the data of Barth & Posnjak® 
Color Verwey & Heilmann*, Bertaut® and other inves- 
tigators, both nickel ferrite and magnesium 
ferrite are characterized by the inverse spin- 


NiFe20,4, 
mole % 


a Black el structure. 

2 75 25 Dark gray The role of structure in solid solutions 
3 50 50 Gray of Ni and Mg ferrites is still unclarified. 

4 25 75 Dark Forestier & Vetterl investigated the crystal 
5 | --- 100 Red structure of these solid solutions, but in 


their report they only indicate that the lat- 
tice constant a varies as a function of the solution concentration. They do not 
state the nature of this functional dependence and do not indicate what types of 
spinel are formed. To prepare the specimens for the x-ray diffraction studies the 
ceramic samples were first broken up in a steel mortar and then ground to a fine 
powder in an agate mortar. This powder was then mixed with Zapon as a binder and 
formed into 0.4 mm diameter rods by forcing it through a glass capillary. The spe- 
ciments were rotated during the exposure; the radiation was furnished by a demount- 
able tube with an iron anode (no filter). The patterns were examined on a compara- 
tor reading to within 0.05 mm. All the lines in all five patterns (except for 1-3 
lines, which were too faint and diffuse for accurate sighting) could readily be 
identified as characteristic of the cubic lattice with attenuation peculiar to crys- 
talline spinel. The presence of well resolved doublets in the patterns was evidence 
of satisfactory homogenization and sintering of the material. 

We calculated the values of the lattice constant a for all the identified lines 
from the measured values of the glancing angle 9 with no correction for absorption 
in the specimen or for ellipticity of the cassette and eccentricity in the position 
of the specimen. The calculated values of a were then plotted against 9. The val- 
ues of age were then obtained by extrapolation. By virtue of the small diameter of 
the specimens, the extrapolation curve virtually levels off at @ = 65-709, so that 
the values of 4a,» can be determined to within 0.001-0.002 kX without recourse to an 
admixture of a standard substance. We obtained the values listed in the accompany- 
ing table. 

The variation of a with the percentage of MeFe204 in the solution is shown 
in Fig.l. 

As regards absolute magnitude, our values of a proved to be somewhat smaller 
than those given by Michel et al, namely, 8.34 kx for NiFeg04 Ae 8.37 kX for 
MgF e90 . Gerasimov et al? give a= 8.318 kX for NiFe29,, which is closer to our 
value of the lattice constant for this ferrite. 
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Solution ain kx 
KX 
Bee ss Ligo/ 1422 
li Sel se Oe 
2 8.328 + 0.001 
3 8.341 + 0.001 8,550 
4 8.349 + 0.001 
5) 8. 362540002 
330 
Fig.l. Variation of the 8 
lattice constant a@asa 
function of the amount of 0 50 100 
MgFeg0 4 in the solid solu- Mg Fe, Q,, mole % ; 7h a 
on: Mg Fe, Q,, mole % 


EigscerlOL tOreLiesdc 
termination of the type of spinel in the NiFe504-MgFeo0, system.—— 


With a view to determining the type of spinel, we calculated the line inten- 
sity ratio I490/I495 by means of the tables given by James®, taking into account 
the absorption, polarization and Lorentz factors. The deduced values of 1400/l 499 
were plotted against the MgFe904 concentration (Fig.2); in the same diagram we 
plotted the straight line (1) corresponding to inverse spinel (X = 0.5) and the 
straight line (2) for disordered spinel (, = 0.33) in the NiFe50,4-MgFe90, system. 
It was assumed that the value of I490/I499 for intermediate solutions varies line- 
arly with the component concentration. The straight lines were plotted on the 
basis of the following data listed by Bertaut° for NiFe50, and MgFeo04: 


N NiFe20, MegFe20, 
0.50 oale 0.95 
0.33 1.55 1.81 


Our points for I4o0/I4g9q fit, within the limits of the experimental error, 
the curve for inverse spinel. 


2. Static Magnetic Characteristics 


As we reported earlier@, the Curie point of Ni-Mg ferrite solutions decreas- 
es linearly from 585° for nickel ferrite to 325° for magnesium ferrite. We also 
found that the longitudinal magnetostriction \, for all solutions is negative and 
decreases in absolute magnitude from -25.8°107°% for nickel ferrite. Under the 
same conditions the transverse magnetostriction \4 is positive. 

Despite the fact that the Curie point and lattice constant vary virtually 
linearly with the Mg ferrite content, the static magnetic characteristics depart 
noticeably from the linear law. Fig.3 shows the composition dependences of the 
initial and maximum permeabilities; Fig.4, the composition dependences of the co- 
ercive force, the remanent induction and the maximum induction attained in bal- 
listic measurements on toroidal samples. 

As will be evident from the figures, uj, Umax, B, and B decrease monoto- 
nically with increase of the Mg ferrite content, while H, ineregagE up to about 
50 mole % MgFeo904 and then remains virtually constant. 
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fj, b3 06" Par, 65 06" 


0 iy 
50 700" 0 50 7000" ! 50 100 
Mg Fe,0,,mole % MgFe,,. mole % Mg Fe,0,,mole % 
Fig. 3 Fig.4 Fig.5 


Fig.3. Variation of the initial wy and maximun Umax permeabilities with the 
MgFe904 content. 
Fig.4. Variation of the coercive force Hg, remanent induction B, and maximum 
induction Bmax with the MgFe90, content. 
Fig.5. Variation of the angle » of rotation of the plane of polarization and the 
high-frequency loss § as a function of the amount of MgFe90, in the solid solu- 
tion; , and 5, measured at H = 240 oersted, M5 and S) at H = 480 oersted. 


3. High Frequency Measurements 


Using the technique described earlier9-19, we investigated the Faraday effect 
in ferrite samples in the form of cylinders 50 mm in length and 5 mm in diameter. 
The curves characterizing the variation of the angle of rotation of the plane of 
polarization and the high-frequency loss § with the composition for two values of 
the magnetizing field are shown in Fig.5. It will be seen from the curves that 
the rotation angle © monotonically decreases with increase in the amount of Mg fer- 
rite, while the loss § exhibits a minimum in the vicinity of 25 mole % MgFeo0,. 

The decrease of the angle @ may be explained by the fact that the saturation 
magnetization of the solutions decreases in going from the nickel to the magnesium 
ferrite. 
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PERMEABILITY AND LOSSES IN MAGNETODIELECTK1US 
- K.M. Polivanov, Ya.N.Kolli and L.P.Soboleva 


When a magnetodielectric (molded powder + binder material) is used for the 
core of an induction coil, choke, transformer, or the like, its quality is deter- 
mined, first, by its permeability, and second, by the losses within it. 

In general, the loss per unit volume and the permeability, as given by the 
ratio of appropriately averaged values of B and H, are different for a particular 
core (a body of definite shape) from the respective values for the material of 
which the core is made. 

The present paper is an analysis of the relation between the various types 
of permeability and losses for magnetodielectrics based on carbonyl iron. The 
analysis can be extended to other types of magnetodielectrics. 

Magnetodielectrics based on carbonyl iron are composed of spherical particles 
of carbonyl iron (a few microns in diameter) separated and insulated from each 
other by a dielectric (polystyrene, paraffin, sodium silicate, etc.). The magnet- 
ic properties are determined in part by the magnetic attributes of the particles 
and in part by the particle concentration. 

In making use of magnetodielectrics, one must know the average susceptibili- 
ty™ Ht, and loss tangent** Su. as functions of the frequency and amplitude of the 
applied alternating magnetic field. For a given frequency and amplitude, these 
quantities depend on the concentration (fill factor) p of the ferromagnetic phase. 

It is known! that in the Rayleigh field region the apparent loss tangent*** 
tg3; depends linearly on the field amplitude**** H/,, and the frequency w, so that 
we can write 


te op = dy) + Am + aw. (1) 


We shall analyze the components of this equation when the field varies sinu- 
soidally and for relatively low frequencies. 

i. Let us start our analysis by considering the properties of the ferromag- 
netic phase, excluding, for the time being, the conductivity. As is known, when 
H varies sinusoidally, the first harmonic of B lags behind H by an angle §, owing 
to losses in the ferromagnet. 


ai B 4 2 ° 
Writing 7 = Poli] and transforming to complex notation for B and H, we ob- 
tain we 

m4 


Uo an 


b= = [plew?, (2) 
where wy = 4x-10-7H m-1 (in MKS units) is a constant of the system, and w= yp, — 
—j, is the complex permeability of the substance. . 

We describe the magnetization process, taking both hysteresis and viscosity 
into account, by a viscosity equation. This expresses the familiar fact that the 
rate of change of induction (in the simplest case) may be regarded as proportion- 
al to the difference between the stationary (quasistatic) and instantaneous val- 
ues of the induction. The equation is 


*The quantities characterizing the ma i i i 
gnetodielectric will be des 
a dot (.) as an index, sagen ai 
**To facilitate insertion of the equations we are ing ste, 
: retainin x - 
tion for "tan". Trans.editor. ce ee 
*k*Both tgd; and uw are defined below. 
****The index m denotes the crest value of the field. 
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dB 
ae SAO EM et oe (3) 


where B.+(H) describes the quasistatic hysteresis loop, B is the instantaneous 
value of the induction, and t is the time constant. 


Let us assume that the field varies sinusoidally and that the hysteresis 
loop is described by the Rayleigh law: 


Bex (H) = to | (tu + dH m) H (Hin — H)], (4) 


where fy, is the initial permeability, ais the Rayleigh constant in practical 
units, the minus sign corresponds to the ascending part of the hysteresis loop, 
and the plus sign to the descending part. 

It has been shown by Arkad'ev2 that in the case of a sinusoidally varying 
field U, is complex, i.e., 


fa = Pa — ]no- 


In Eq. (3) we can now replace time-differentiation by multiplication by JM, 
and then for the first harmonic of the induction we have 


f 4aH,, 
Yay aH yy — 7 (Hyg + 3x i 


po = Lo 1 a. jar me (5) 


Comparison of (2) with (5) shows that the complex permeability for dynamic 
conditions will be given by 


4aH,, 
Pay + oH, —7 (un fe co ae ) (6) 
Se aa jars 


which means that 4a 
ey + Ly, — ee =e je Hy )or | 
OSS =e Ee ES ne 
¥ 4+ wt (7) 
Mao + 35 Am + (Huy + F2m)Ot 
Se es SR PGS PS 
The losses in the ferromagnet may be characterized by the loss tangent; 
4a 
+,- H,, + (ug, + @H,,)ot 
fy a (8) 
a Poa Hp, — (tgp + 3 Hm ot 
We now identify this expression in the limit when w= O (quasistatic loop) 
with the hysteresis loss tangent, which gives us 


Uno + 35 Am (8a) 


whence it follows that the loss due to viscosity of the magnetization process is 
characterized by 


tg 6, = OT, (8b) 


When the loss is small and one may neglect the product of the tangents com- 
pared to unity, the tangent of the sum can be replaced by the sum of the tangents, 
and we arrive at 
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2. When carbonyl iron is placed in an alternating magnetic field, eddy cur- 
rents appear in the material, owing to conductivity. In addition to producing 
additional losses, these eddy currents screen the internal parts of the core, 
thus reducing the average permeability (skin effect). Thus, whenever | is measur- 
ed in an alternating field (even for a toroidal core), the measurement gives an 
apparent value up, which differs from the true permeability » of the material due 
to the effect of eddy currents. The magnitude and distribution of the eddy cur- 
rents and, therefore, also the effect they cause (the divergence between yw and i) 
depend on the shape of the core (specimen). 

The skin effect has been calculated (see: Becker and Déring? and Polivanov®) 
for a medium satisfying the Rayleigh relation in a sinusoidally varying field, 
and for a plate with a very weak skin effect. A particularly detailed calcula- 
tion has been performed by Cauer.5 The formulas obtained by these authors are, 
however, quite complicated, and are not suitable for practical computations. We 
shall therefore perform an approximate calculation in which we formally linearize 
the characteristics, i.e., in deriving the expression for the tangent of the eddy- 
-current loss angle we initially set yp = const., but in the final expression we 
insert the H-dependence of yp. If uw of the material is constant, we can make use 
of known results® to calculate the effect of eddy-currents on the permeability 
and loss in spherical particles of carbonyl iron; that is, we replace the magnet- 
ic permeability of the material by its equivalent, 


veq = |Beq je—#eq = ulleie ; (10) 


assuming that eddy currents are absent. In this equation 


2(v—thv) 


j2 — 
Me v*thv—(v—thv) ’ 


v? = Jopouor®, 
and ris the radius of a spherical particle. 

For the region of low frequencies, we can obtain an approximate expression 
for @m and therefore also for Seq by expanding tanh v in a power series, performing 
the indicated division, and neglecting all terms containing powers of y higher 
than the second. We then have 


F v OU sor? -@ 2 
TO | ae — 2 “oor” | 
Meir~1 0sb ae Se (11) 
and neglecting the second term 


@ [Lo tho7? 


tgoz—— er 
8? io (12) 


In the Rayleigh region » and py, in Eqs.(10)-(12) are given by (6) and (7). 
At low frequencies and for small losses 4 Um +@Hm. Thus in the Rayleigh re- 
gion, we have 


4a 
Une + 357 Hy, 


tesa, = = 
$%q = tg d,+ tgd,+ tg6,= Baa + aH, + wt + [op r? (Yin + aH m) 45 ’ (13) 


where tg6, is the eddy-current loss tangent. 
It follows from (11) that when third and higher order terms in v are neglect- 


ed, M= 1, and uw and Hog are of equal modulu 
q s. This means that the eddy currents 
alter only the losses, without affecting the modulus of Ww (weak skin ertectie 


-—-— — — 
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Physically this means that we take into account the thermal lo 
rents, but not the fact that the field distribution over the cross section of the 
specimen is nonuniform. A nonuniform field may have a substantial effect on the 
losses. Since there will be no field in the central part of a core screened by 
eddy currents, there will, of course, also be no hysteresis or viscosity losses 
in this part of the core. Hence the total hysteresis and viscosity losses will 
be reduced. On the other hand, since the eddy-currents are concentrated in a 
smaller cross section, their density increases. Thus a nonuniform field distri- 
bution may increase the relative importance of eddy current loss compared to the 
losses due to viscosity and hysteresis. 

It is seen from (13) that tg5eq depends linearly on w and that the slope 
of the tg Seg vs wm lines depends to some extent on Hm. In the usual type of mea- 
surement, however, this dependence is not observed,~for aH,, is much less than 


ss due to eddy cur- 


10 n : ; 
eee For the same reason tgooq = f CD is a linear function, although the 


denominator of the expression for tg6, contains the sum Ua +aHm. At any rate, 
it follows from the above that for small Hy», 


4a Oo 97” 


ea 
be one et Hm, and tg8, =a. (14) 


Pa OT gy 

3. A magnetodielectric based on carbonyl iron can in the first approximation 
be represented by a system of identical spheres of radius r separated by an insu- 
lating medium. 

The relation between the average magnetic permeability of a magnetodielectric 
and that of the ferromagnetic phase has been discussed in several works and is 
dealt with in detail by Fradkin’, the above cited work of Kratkov and Polivanov,® 
and in the dissertation of Skugarev®. 

It should be remarked that at low concentrations all these authors obtain 
Similar results (although, with different values of Heq)> In our work we average 
according to Lichtenecker's formula 


Patel Bai abibeg nga ??Ped ys (15) 


Because the loss angles we are considering are small, we can write 46, =pdeg 
instead of tgo,,=ptgboq - We note that tgd,, has the same components as tgbeq 
but multiplied by p. a 

4. Above we did not include the contributions to the total permeability yu 
and loss tangent from the bonding dielectric. The properties of the dielectric 
are determined by its conductivity o and its dielectric constant ©—«,—je,, where 
e, characterizes the dielectric (polarization) loss. Of course, the dielectric 
constant s« and conductivity 0, of the magnetodielectric are greater than those 
of the dielectric alone, because of the presence of the conducting ferromagnetic 
spheres. We shall not go into a calculation of e, and o, in this paper (see 
Polivanov?, Sections 2-8, which also contains a list of the literature). 

When the magnetodielectric is placed in an alternating field, eddy currents 
(both displacement and conduction currents) are induced in it as a whole, in ad- 
dition to the currents induced in the particles. 

We introduce the apparent permeability rT) and apparent loss tangent tgdjz. to 
characterize the magnetodielectric in this case. 

Let us consider the magnetization of a magnetodielectric toroid with a rect- 
angular cross section. The material of which the toroid is made has a complex 
magnetic permeability u,, a complex ptelectraceconstant €,, and a conductivity 
fo} The apparent permeability i is then given” by 


rete 
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a \at B 


where mand n are odd integers, a and } are the dimensions of the toroid cross 
section, and 


TD = Joos, — 0208. U.- (17) 
For low frequencies 
Ike (5+ 5) (18) 
and we can replace (16) by 
w=, (1—T¥(a, 2), (19) 
where f(a, = Sy : is a function only of the lateral dimensions of 


me 2) /m? 7?) 
ee (i +3) 
the toroidal core. 

When we replace (16) by (19), we exclude volume resonance from considera- 
tion. After some simple manipulations, in which we neglect the product of the 
tangents compared to unity (as a result the real part of ) becomes loss-independ- 
ent), we are led from (17) to 


Te — oMoeoba.61, [1 — 7 (tg bu, + tg 8s, + tg d,,)], (20) 
where tg b= 7 is the magnetic loss tangent, tgé, = *. is the dielectric (polar- 
. &], 


ization) loss tangent, and tg, =— 
. QE, 


: is the eddy current loss tangent (i.e., 
(oA be 
the tangent of the loss due to conductivity of the magnetodielectric). 

We now insert (20) into (19) and take the ratio of the imaginary and real 
parts. This gives the loss tangent of the magnetodielectric toroid: 


2 


tedg = — WY) _ tga, + (tg o,, + tg6., + tg6,,), Sa 


Re (w) % 4402F 
where Ff = po8oly,%,/ (4, 0). 
At frequencies so low that w*/¥< 1, we have 


tg 8, = tg oy (1 + w?F) + oF tg d,, + wpoiss,f (a, b). (22) 


Inserting the expression for tgd., (see (15)) into (22) and neglecting all 
terms of higher than first order in w, we arrive at 


ae al 


ai) | + epes.9.f (4). (23) 


We may justifiably neglect the terms of higher than first order in w because 
experiments with magnetodielectrics show, as a rule, that the frequency depend- 
ence of tgd; is linear. 

Eq. (23) shows that losses in magnetodielectrics are determined by four fac- 
tors, three of which are proportional to the fill factor Pp and depend on the 
properties of the ferromagnetic particles. These four factors are 


U 4a 
tod- — Seba mS Sa G 
gd pl + Hm + 0(t + 


1) the hysteresis loss: p+ 
EH 


2) the magnetic viscosity loss: por; 

3) the loss due to eddy currents in the ferromagnetic particles:!/,)poguasr?; 
4) the loss due to eddy currents in the magnetodielectric: MLo4,5,f (a, b) 
This resolution of the loss tangent differs from that suggested by Jordan, 10 


On the basis of the above analysis, one can propose the following method of 
separating a measured loss tangent into components. 
Comparing (1) and (23), we note that 


Urs 
Ay = H2 
May 
4a 
j=). 
i P Sry, ? 


Ay = p(t + */1ol%o-hn197) + vots.¢,f (a, 0). 


The coefficient a, may be identified with initial hysteresis loss resulting 
from the imaginary part of the initial permeability. This loss tangent has been 
discussed often by Arkad'ev? and his students; precisely the quantities uy. and 
Um are the ones given by Arkad'ev's nomogram. The term a,H gives the tangent of 
the loss angle connected with the hysteresis loop described by the Rayleigh rela- 
tion, according to which the area of the loop increases as H3, 

The a,m term depends on three physically different phenomena. These are the 
viscosity of the magnetization processes, the eddy currents in the ferromagnetic 
particles, and the eddy currents in the toroid. 

It must be noted that one cannot divide a, into parts due to viscosity and 
eddy currents on the basis of experiment. This can be done only theoretically 
on the basis of known values of o,; o,, Us,, vy, and 7 and the geometry of the tor- 
Oidal core. 

This interpretation of the experimentally obtained 
6; coefficients a, a,, and a, differs from Jordan's inter- 
pretation,l which is still often used. According to 
Jordan, for instance, a is determined by the viscosity 
(aftereffect) , whereas, as elementary analysis shows, 
the viscosity loss must be frequency dependent. 
=—-——-—--- = Further, Jordan states that a, is determined by 
the eddy currents, whereas it is just this term which 
Frequency —> contains a viscosity-dependent part. 
Resolution of losses in Arkad'ev, in his famous monograph” (p.286), tries 
weak low-frequency fields. to explain a, by the particular frequency dependence 
of the real and imaginary parts of yu, but his explana- 
tion is not convincing. It seems obvious that a) is most readily explained by 
the imaginary part of the initial permeability in the Rayleigh region. 

Hence we suggest the following method of resolving the losses: 

(1) The frequency dependence of tg6; is measured at Hm = const. (see figure). 

(2) The experimental curve is extrapolated to = 0, and the intercept on 
the ordinate axis is taken as hysteresis loss angle for the given value of Hm. 

(3) The eddy current loss is calculated theoretically as a linear function 
of the frequency from the known values of Pa, bi, 7) DP: a, b and the separately 
measured values of oO and O,. 

(4) The loss due to magnetic viscosity is defined as the differences between 
the experimental curve and the sum of the hysteresis and eddy current losses. 

(5) In order to resolve the hysteresis loss tangent into the dp component 
and the a,H,, Rayleigh component, one must have a family of tg6; vs o for differ- 


ent Hm. 
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Then one constructs the H-dependence of tg6; at w= 0 and obtains the inter- 
cept of this curve on the ordinate axis. This intercept is equal to a and the 


slope of the straight line plot gives 
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HIGH-FREQUENCY FERROMAGNETS 
- L.I.Rabkin 


The growing need for magnetic materials suitable for use in radio-frequency 
circuits led to the discovery and development of three classes of high-frequency 
ferromagnets, which differ as regards structure, properties and fabrication pro- 
cedure. 

The first class comprises metallic ferromagnets which are prepared by the 
usual procedures of metallurgy. 

The second class includes ferrites - nonmetallic ferromagnets, which are pre- 
pared primarily by ceramic techniques. These materials are frequently called 
magnetic or ferrous ceramics. 

The third class of ferromagnets consists of magnetodielectrics, heterogene- 
ous substances, consisting of mixtures of ferromagnetic powders and insulating 
materials. Cores and components of this class are fabricated by techniques simi- 
lar to those employed in the plastics industry. 

Ferromagnets within each of these classes differ as regards their magnetic 
properties and, in particular, as regards the parameters of the hysteresis loops. 
Ferromagnets within each class can be subdivided into six types according to their 
hysteresis loops: three low-coercivity and three high-coercivity types (Fig.l). 

Ferromagnets of the first types, 
which have a narrow slanting hysteresis 


a b G 
B 8 8 loop and relatively small remanent induc- 
tion (Fig.1l,a), are characterized by a 
weak field dependence of their permeabili- 
= «LY These ferromagnets, which are termed 
A f constant permeability or isopermeable fer- 
romagnets are used for the fabrication on 


constant inductance coils. Examples of 
isopermeable ferromagnets are isoperms 


d e f 
B B B and many magnetodielectrics, both mechan- 
ically rigid ones (hard molded cores) and 
_. elastic ones ("magnetoelastometers') , 
H H 4 which are prepared of rubber-like sub- 
stances and magnetically soft powders. 
Magnetic materials with a narrow but 


Fig.1. Different types of hysteresis steep hysteresis loop (Fig.1,b) are often 
loops. called high-permeability ferromagnets, 
owing to their high permeability. This 
group includes electrical steels, Permalloy, Permendur and many ferrites. 

Ferromagnets with a narrow rectangular hysteresis loop (Fig.1,c) have recent- 
ly come into extensive use for the preparation of cores used in GES and con- 
trol systems. Such cores are readily magnetized and retain the induced Beene 
ation indefinitely. Examples of such ferromagnets are Perminvar annealed in a 
magnetic field and many Mg-Mn ferrites. 

High-coercivity ferromagnets with a wide hysteresis loop can cen be metals, 
nonmetals or magnetodielectrics with different values of remanent induction (Fig. 
1,d,e & f). Of particular interest from the standpoint of high frequency electron 
ics are nonmetallic and magnetodielectric high-coercivity ferromagnets which owing 
to their high electric resistance, can be employed in high-frequency ees ic Typi- 
cal nonmetallic high-coercivity ferromagnets are cobalt and barium oxide magnets; 
high-coercivity magnetodielectrics are typified by cores prepared by compacting 
nickel-aluminum steel powder or iron dust, generally with a suitable binder. High- 
-coercivity magnetodielectrics also include elastic magnetically hard ferromagnets, 
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known as “magnetoelastometers’. Magnetic tapes used for sound recording may be 
classed in this category. 

Magnetic ferromagnets excel the other magnetic materials as regards their 
permeability at sonic and ultrasonic frequencies and have the highest values of 
saturation induction; they allow of obtaining minimal values of nonlinear distor- 
tion in weak fields, which is highly important for components used in equipment 
operating at audio and supersonic frequencies. 

Through the use of ferrites one can prepare inductance coils with a very 
high Q (up to 1000). Owing to their characteristics at super-high frequencies 
(1010-1011 cps), ferrites have found application in waveguide engineering. 

Magnetodielectrics prepared of metallic powders provide a desirable combina- 
tion of high Q and a higher (than ferrites) saturation induction. They are suit- 
able for the preparation of cores and components of complex shape and are superi- 
or in this respect to ferrites where close tolerances are involved. This advant- 
age of magnetodielectrics is common to plastics, among which they may be classi- 
fied, over ceramics, the class of substances to which ferrites essentially belong. 

The highest values of permeability have been attained in metallic ferromag- 
nets. Thus, the maximum permeability in Supermalloy has a value of about 1 000 000 
gauss/oersted, whereas the maximum permeability attainable in Mn-Zn ferrite is of 
the order of 10 000 gauss/oersted and in some magnetodielectrics only 1000 gauss/ 
/oersted. It must be noted, however, that even at a frequency of 10 Mc, the maxi- 
mum values of permeability attainable at present in the best representatives of 
all three classes of ferromagnets do not exceed 2000 gauss/oersted. 

One of the basic problems in the physics of high-frequency ferromagnets is 
that of the frequency and field dependences of their properties, particularly, 
their complex magnetic permeability. 

Electronic engineers have long been familiar with the fact that the magnetic 
loss tangent is determined not only by eddy currents and hysteresis but also by 
a whole series of additional processes occurring in ferromagnets. The added loss 
tangent tan Saq may be defined as the difference between the total loss tangent 
tan Sc for the core and the sum of the eddy current loss and hysteresis loss tan- 
gents: 

tan Saq = tan 5, - (tan Sp + tan Se). 


Investigations of ferromagnets in high-frequency fields have shown that the 
added loss tangent is not a constant quantity as was assumed some years ago by 
Jordan! and that the increase of tan Se with frequency is not due solely to eddy 
currents. The added loss tangent, in addition to its initial component tan $j, 
has a frequency dependent component, the magnitude of which sometimes greatly ex- 
ceeds tan S¢¢. 

In the range of higher frequencies, the fre- 
petra e:, _Hety=2h quency characteristic of the magnetic loss tan- 
gent of ferromagnets becomes complex, so that the 
possibility of resolving the losses according to 
Jordan is precluded. 

Fig.2 illustrates the scheme we use for sepa- 
rating the losses at higher frequencies into com- 
t ponents. In this case we determine two frequency 

dependences of the loss tangent at two field val- 
ues, H; and Hy = 2H in the Raylei 
netic loss tangent tan S¢ in- Curve a ahoninen bab eicer On a oe 
to components in the case of the sum of the added loss and eddy current ee 
nonlinear frequency dependence tangents. Curve D, which is obtained by subtract- 
of tan Se. ing curve C (which represents the frequency de- 


Fig.2. Resolution of the mag- 
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Fig.3. Initial aftereffect loss 8j (in % of §,) as a function of the field H for 
some metal-base magnetodielectrics at different frequencies: a) TCh-80 presspern, 
b) TCh-60 pressperm, c) VCh-30 alsifer, d) RCh-9 alsifer; 1 - f = SUOMCDS = 2. = 

f sROUUURCHS. 


pendence of the added loss tangent. 

Although at audio frequencies the initial loss tangent in high-frequency 
ferromagnets is small in absolute magnitude (in the 1072 range), even in weak 
fields it is much greater than the other components of the loss tangent. It will 
be evident from Fig.3 that in weak low-frequency fields the initial losses in 
some compacted materials are appreciable. 

For example, for RCh-9 alsifer at a frequency of 1 kc and a 1 millioersted 
field, the initial loss accounts for over 99% of the total magnetic losses in 
the core. 

According to the theory of Arkad'ev?, the elastic permeability of ferromag- 
nets may fall off in steps with increasing frequency and the viscous permeability 
vs frequency curve may have a series of peaks. Thus, for ferrites the viscous 
permeability sometimes has a maximum in the 5 to 50 ke range, in which the elastic 
permeability varies little with frequency. A second peak is sometimes observed 
in the 30 to 100 Mc range. In the case of certain ferrites there is also observed 
a third peak in the 1000 to 3000 Mc interval. Each of these peaks is associated 
with some resonance or relaxation effect, giving rise to magnetic losses in the 
material. 

Rado, Wright & Emerson® observed three regions of dispersion of the perme- 
ability in Mg-Mn-Ca-Zn polyferrite, located at ~50 and ~2500 Mc. These authors 
conclude that the radiofrequency (~50 Mc) permeability peak is, in accord with 
the theory of Déring4), associated with inertia of the domain walls, while the 
microwave (~2500 Mc) peak is a result of resonance of the magnetic spins in the 
internal magnetic anisotropy field, in accord with the theory of Landau & Lif- 
shits®. 

There is no satisfactory explanation at present for the peak in the 5 to 50 
ke region observed by Snoek® in Cu-Zn ferrites and by us in Mn-Zn ferrites. It 
may be hypothesized, however, that the losses responsible for the infra-radiofre- 
quency maximum are associated with a number of different processes occurring in 
ferrites in sonic and ultrasonic frequency magnetic fields. For example, there 
may arise displacement currents under the influence of the alternating field. Al- 
though the de resistance of ferrites is high enough to make ordinary eddy currents 
negligible, displacement currents may reach an appreciable magnitude owing to the 
high dielectric constant of ferrites. Such displacement currents may occur owing 
to movement of ions, electrons or holes within limited region, i.e., owing to mi- 
gration of current carriers not leading to true conductivity. 
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Domain walls (boundaries) pass through sections of the ferromagnet with a 
maximum number of lattice defects and inclusions, since in this case the free 
Under the influence of an applied external field the domain 


energy is minimal. 
hift into sections of the ferro- 


walls depart from their initial position and s 


magnet with fewer lattice defects. 
According to Shvarts’, there are particles in ferromagnets that tend to dif- 


fuse through the boundary layers or walls. The motion of these particles during 
reversal of magnetization in weak fields is connected with energy losses. So far, 
however, we do not have sufficient data to evaluate the relative contribution of 
these different forms of loss in ferromagnets at diverse frequencies. 

The concept that the appearance of a boundary layer under certain conditions 
leads to directed displacement of the particles may serve to explain some of the 
properties of ferromagnets, for example, the Perminvar effect. As is known, al- 
loys of iron, nickel and cobalt - Perminvars - after being held for an appreci- 
able time at temperatures below the Curie point (400-500°C) acquire distinctive 
properties.® In weak fields the magnetization of Perminvars is virtually revers- 
ible. The hysteresis loops in medium fields have a deformed, necked-in shape. 
Cooling in a magnetic field from temperatures appreciably above the Curie point 
makes the hysteresis loop rectangular. The Perminvar effect is also observed in 
high-nickel Permalloys and some ferrites.9 

Some aspects of the Perminvar effect can be explained if it is hypothesized 
that it is connected with the displacement at elevated temperatures of some of 
the particles of the ferromagnet under the influence of the boundary layers. 

At temperatures below the Curie point, Perminvars dissociate into phases of 
different composition (for example, into NisFe and NisFe + Fe solid solution). 
The boundary layers may influence the position of the particles of these differ- 
ent phases, favoring the arrangement where bands of the phase with the more de- 
fective structure are concentrated close to the boundary layers. As a result of 
this process, the boundary layer at elevated temperatures deepens with time the 
potential well in which it is situated. Consequently, the permeability of Permin- 
vars in weak fields, which is due to boundary or wall displacements, is relative- 
ly small and the irreversible processes are so minor that both branches of the 
hysteresis loop virtually merge into a single straight line. In medium fields, 
the boundary layers or walls break away from the "defective phase" bands and the 
magnetization of the Perminvar begins to increase sharply. Upon subsequent re- 
duction of the magnetizing field the walls at first slowly approach the "defect- 
ive phase” bands and then, when sufficiently close, begin to experience their 
attraction and tend to adhere to them; as a result the magnetization falls off 
rapidly. This serves to explain the necked-in hysteresis loops. 

In magnetization in strong fields the domain walls or boundaries disappear; 
when they reappear after removal of the magnetizing field, they are no longer in 
their initial positions, i.e., do not pass through the bands of segregated ''de- 
fective phase" particles. Hence the Perminvar effect is somewhat weakened. 

This model also serves to explain why the initial magnetization curve of 
Perminvar frequently lies outside the symmetrical hysteresis loop. During the 
first magnetization, when the boundary layers are initially detached from the 
"defective phase’ bands, the induction vector of the ferromagnet in weak and 
medium fields slowly increases with increasing field strength so that the magnet- 
ization curve rises slowly, i.e., forms a small angle with the H axis. In subse- 
quent demagnetizations and remagnetizations, the boundary layers cannot fully re- 
turn to their initial positions inasmuch as this would entail surmounting high 
energy barriers. Consequently, the influence of the "defective phase” bands on 
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, the boundary layers is reduced and the ascending branch of the hysteresis loop 
becomes steeper than the initial magnetization curve. 

This process of distribution of the dispersed phases under the influence of 
the boundary layers at elevated temperatures may also serve to explain some of 


the magnetic characteristics of Permalloy and their dependence on the heat treat- 
ment to which the alloy is subjected. 
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INFLUENCE OF MACROSCOPIC HETEROGENEITY ON THE DYNAMIC CHARACTERISTICS 


OF SOFT MAGNETIC ALLOYS IN WEAK FIELDS os 
- E.I.Gurvich & E. I.Kondorskii 


The properties of ferrmagnets in weak alternating PicideRane characterized 
by the complex magnetic permeability of the material: (be ete In the absence 
of magnetic dispersion, the permeability of the material is equal to the perme- 
ability measured in a constant or very low frequency field. es 

Usually, the quantity measured experimentally is the complex permeability of 
the body (core or specimen) »=p,—ip,e, which is determined from the inductance 
and resistance of a coil with a core of the tested material. Owing to the influ- 
ence of eddy currents, the permeability of the body is always ROVCTapen es the per= 
meability of the substance. The ratio of the two permeabilities, w/a f depends 
on the frequency W, the thickness of the ferromagnetic plate 2h and its resistivi- 
ty 06. The expression for the permeability ratio follows from the solution of the 
skin effect equation,!,2 


oH 


022 = jong’ oH, (1) : 
and has the form : 
Yi— ip, tanh (V t@por’oh) (2) 
pe! V iop poh 


The ratios y,/u’ and p/u’ (the latter equals tan 6, the eddy current loss 
tangent) as functions of the generalized skin effect parameter, 6?= 2u .ucfh? , are 
shown by the dash-dot curves in Fig.l (it is assumed that hysteresis is absent). 
nd It is commonly assumed that deviations from 
the curve (more rapid decrease of the permeability 
and increase of the loss tangent) are due to mag- 
netic dispersion of the material. 

It must be emphasized that Eq.(2) is valid 
only when the investigated specimen is macroscop- 
ically homogeneous, i.e., when the permeability 
and resistivity are uniform over the cross section 
of the plate (strip or ribbon). If the plate is 
not homogeneous, the dynamic curves may exhibit an 
additional decrease of permeability and increase of 
the loss tangent. This question has been discussed 
by a number of authors.3-6 Their calculations have, 
however, been conjectural inasmuch as nothing defi- 

-10 7 10 20 nite was known regarding the degree and character 

log 6? of the inhomogeneity. It was not clear whether the 

Figsl. Variation of the ini- ———_ = eee 
tial permeability and the eddy 
current loss tangent as functions of the generalized skin effect parameter 
0? = Quguofh?. The dash-dot lines are plotted for a homogeneous plate (strip) 
on the basis of Eq.(2); the solid curves are plotted for an inhomogeneous plate 
in which the variation of the permeability over the cross section is described 


by the parabolic function #(@) =e [1—() |. The experimental points are for 


samples of 79NM alloy (Mo-Permalloy) in the form of a 0.15 mm thick strip at 
ay = -30°. 
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*In the MKSA system of units. 
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inhomogeneity is evinced in the thin nonmagnetic surface layer, and hence is mani- 
-fested only in case of a strong skin effect,3,4 or whether it has a different more 
complex character? 56, 

Some years ago Epelboin and his co-workers’ and subsequently the present 
authors® showed experimentally that in magnetically soft alloys there does actual- 
ly obtain an inhomogeneous distribution of magnetic properties over the cross sec- 
tion. Specifically, it was shown that in the case of strips of 50N and 79NM al- 
loys (50% Permalloy and Mo-Permalloy, respectively) prepared by the usual indus- 
trial procedure, the permeability has a maximum value in the central plane of the 
strip and decreases towards the surface. The coercive force, on the contrary, is 
minimal at the center and highest at the surface; in other words, the central core 
of a plate or strip has "better'’ magnetic properties than the superficial layers. 
The principal cause of this inhomogeneity is apparently reaction of the alloy 
during annealing with the protective or insulating coating applied to metallic 
ribbons in preparing cores. 

The distribution of magnetic properties over the cross section of a plate 


or strip is approximately characterized by a parabola (Fig.1). In this case Eq. 
(1) becomes 


iawe . coe ' 
Oz? a iol ee (Z) [poset (3) 
2 
or setting Ger 2U ghee where Hav= Ftc 
CH ee nr ae ys 
poe boc ao (4) 


(here o— +=) ; 


For the range of 6? of greatest interest (from O to 10), the solution of 
Eq. (4) cannot be represented by any familiar function, hence the solution for the 
s a * 
field distribution H(z) is sought in the form of a series in 


H (x) = »y One ay 
u=0 


with the two boundary conditions: 


1) Hes, = re 


(6) 
where H, is the field on the surface of the plate, and 
2) poeta 2 5 (7) 
Ox x=0 Y 


inasmuch as from symmetry considerations H(-+-2)=H(—2). . 
Conditions (7) means that all coefficients with odd n vanish. Substituting 

(5) in (4) and equating, after differentiation, the coefficients of terms in he 

equal powers of x, we find the following relation between the terms of the series: 


n(n—1) dn = i(> 0?) (me ase) (8) 


from which it follows that any term of series (5) can be expressed through the 
preceding two terms or ultimately in terms of a): 


Oy = yk 7, (87), (9) 
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where YW, is determined from (8) successively for each n, beginning with [ae 2 
and is a function of 62 only. In turn, a, is expressed in terms of the field 
H, on the surface of the plate. According to Eq.(5), 


foe) (oe) 

HSH 4) =) cn a ee), (10) 
n=0 n=0 

next we find the value of the induction averaged over the cross section of the 


plate 1 


Bayv= \ u(x) H (zx) adi (11) 
— 

which can also be expressed in terms of a, and a numerical series, determined by 

the magnitude of the parameter 62, The relative variation of the complex magnet- 

ic permeability 


ne ie eae 
Hav Hay poe (12) 


is calculated by dividing the sum of series (11) by the sum of series (10); these 
sums are calculated for a number of values of the parameter 6? in the range from 
0.1 to 100 (the corresponding range of variation of log 4 is from -1 to 2). The 
final solution is given by the curves in Fig.l. 

In the same figure we have plotted the experimental points for the 79 NM al- 
loy (the extreme log 6? = 2 point corresponds to a frequency of 30 kc). As may 
be seen, the experimental points lie close to the calculated curve and from this 
we infer that the observed additional reduction of the permeability and increase 


Pull 


Fig.2. Variation of the relative initial permeability 
tan 6 of SON alloy: a) 0.2 mm thick plate; the log 62 
sponding to a frequency of 75 kc; that at T = -196° to 


Ui/u and the loss tangent 
= 2 point at T = 20° corre- 


f = 40 ke; b) 0.12 mm thick 
plate prepared by electrolytic reduction of the 0.2 mm plate; ue log 92 = 2 point 
at T = 20° corresponds to f = 200 kc; that of T = -196° to f = 100 ke. Dash-dot 


curves - calculated curves for a homogeneous plate. 
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Fig.3. Variation of the initial permeability j/u and the loss tangent tan § of 

79 NM alloy: a) 0.15 mm thick plate; the log 92 = 2 point at T = 20° corresponds 

to f ~ 20 kc; that at T = -90° to f = 60 kc; b) 0.08 mm thick plate prepared by 

electrolytic reduction of the 0.15 mm plate; the log 62 = 2 point at T = 20° cor- 

responds to f ~ 75 ke; that at T = -90° to f = 170 ke. Dash-dot curves - calcu- 
lated curves for a homogeneous plate. 


of the loss tangent are due to macroscopic inhomogeneity rather than to the pres- 
ence of magnetic dispersion. 

There have been a number of experimental studies of the frequency dependence 
of the magnetic permeability of Permalloy?711, It follows from these that the 
observed decrease of permeability is always greater than might be expected solely 
due to the influence of eddy currents in a homogeneous plate. To determine the 
reason for this decrease in permeability we carried out detailed measurements on 
samples of two alloys. The measurements were carried out on a Maxwell bridge 
with an accuracy of better than 5%. In the case of the 50N alloy (50% Permalloy) 
(Fig.2,a) the deviations of the experimental points from the calculated curve for 
the skin effect in a homogeneous plate are very appreciable and do not vary with 
the temperature, except for the values obtained at -196°. From this data it might 
be concluded that magnetic dispersion at relatively low frequencies does obtain 
in this alloy and that its dependence is anomalous at liquid nitrogen temperature. 
Actually, however, this dispersion is only apparent. After the surface layers, 
which are characterized by the poorest properties, were removed from the sample 
by electrolytic polishing!2, its frequency characteristic changed (Fig.2,b) and 
the experimental curve for it virtually fits the calculated one; moreover, no low 
temperature anomaly is observed. 

A somewhat different situation obtains in the case of the 79NM alloy (Mo- 
_-Permalloy). Here too there is appreciable deviation of the experimental data 
from the calculated curve and a fairly pronounced temperature dependence (Fig. 
3,a). However, as in the case of 50% Permalloy, this dependence is only appar- 
ent. After removal of the outer layers by electrolytic polishing, all the ex- 
perimental curves (curves recorded at different temperatures) virtually coincide, 
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although they do deviate noticeably from the calculated curve for a NEES 
plate (Fig.3,b). This means that there is a certain amount of magnetic disper- 
sion in Mo-Permalloy; this dispersion does not, however, depend on the tempera- 
ture. 

Thus the experimental results obtained for different samples of the same al- 
loy (homogeneous and inhomogeneous) lead to contradictory deductions regarding 
the presence and temperature dependence of magnetic dispersion. 

In view of our results it may be concluded that in all cases of investiga- 
tion of magnetic dispersion in metallic ferromagnets wherein no detailed check 
was made regarding the macroscopic homogeneity of the specimens, the values of 
the dynamic parameters of the material deduced from the experimental frequency 
characteristics must be regarded as doubtful; moreover, inferences regarding the 
presence or absence of magnetic dispersion arrived at on the basis of such in- 
vestigations are open to question. 


Central Scientific Research Institute for Ferrous Metallurgy 
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_ INVESTIGATION OF DISPERSION OF THE PERMEABILITY AND ABSORPTION IN Mn-Zn FERRITES 
I. Dispersion of the Body 


- L.A. Fomenko 


Introduction 


The radiofrequency spectra of the complex permeability w’=,—jp, of the 
body (i.e., of the specimen or core as distinguished from the permeability of 
the material per se) of Mn-Zn ferrites have been investigated on specimens of 
different sizel-7, under compression® and in a magnetizing constant field3)8, 
Additional information on the magnetic spectra may be found in Refs.9-15; acre 
on the specific inductive capacitance (¢'= ¢, —je.) spectra are given in Refs.1 
2,3,8 & 13 and in the surveys listed under Refs.16-20. There have also been pub- 
lished studies and analyses of allied questions: the electric conductivity (see 
Refs.1-8,13,16-23), low frequency dispersion (Refs.16,17,24), the frequency de- 
pendence of irreversible magnetization processes (Refs.12,16,17,24), the influ- 
ence of structure on the character of reversible magnetization processes (Refs. 
15,25,26), the anisotropy constants and internal effective anisotropy fields 
(Refs.27,28) and the influence of volume resonance at super-high frequencies 
(Refs.29,30). 

Most investigationsl-15 of the magnetic spectra of ferrites were carried out 
in a relatively narrow frequency range, which in two casesl;,5 included only the 

initial part of the wide range of 
Dea negative values of (11—1) dis- 
covered by the writer3l, In view 
of the narrow ranges covered, 
these investigations do not re- 
veal the overall trend of the 
curves and hence do not allow of 
drawing any definitive inferences 
regarding the resonance character 
of dispersion of the body. The 
purpose of the present work was a 


100 rth SS 2000 more detailed investigation of 
ay, as the permeability of the body of 

NS metallized and nonmetallized Mn- 
AN -Zn ferrite cores of different 
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1. Samples and Procedure 
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For sample No.41 


‘d 
(ALE Bae 


For samples Nos.1-3 


The compositions, sizes and 
magnetic characteristics of the 
investigated samples (toroidal 
cores) are listed in the accompany- 
ing table. The magnetic spectra 
were determined by the procedure 
described in Ref.33. The electric 
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HHS 7 spectra and de resistivities o of 
pA the o) ot ae the investigated ferrites were 
Fig.l. Magnetic spectra (permeabilities of measured by the nonsymmetric elec- 
the body vs frequency) of samples Nos.1-3 tric ee Seibel ice ate a develops 
and 41 (nonmetallized). The figures at the ed by Polivanov and oe the 
curves are sample Nos; open points - yj - A work of Ref.31; the electric mea- 


solid points ~ Ug. surements were made on toroidal 
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Table 
Characteristics of the investigated Mn-Zn ferrite cores 
Toroid Permeabilities eae 
j ions 2 
Sample Lrfs dimens1o de See 
No. Gs Oe™ Do D; h Uimax Yimin U2max i) tu ff th 
180 1,840), 8% 0,548 145 85 = {430 2284 (9785 11,07 Set i> 
: 1330 3,37 11,96 |0,750|0,945) 1960 | 1580 | — 40} 956/1,0 |2,0 oat 
3 980 0,789 | 0,415 | 0,268 |10,6 = 1480s) 16) | OlO Malo Ooo ; 
4 4295 2,26 |1,20 |0,550|4,72 | 1140 | 1508 | — 20 846 ilies( Opal br?t5) | lez 2 
6 1048 2,27 14,20 |0,56 |4,67 | 3040 | 1245 |— 15 662 {SOG E2F Dili nn 
21 2245 1,82 |0,850} 0,540 |1,92 VLG || PASE || Ste) || AOS) 3,0 6,4\4 
22 1425 AP Sha lOr shall Onoouloo 45 | 1440 |—- 17] 800/0,8 | 2,5 |412 20 
23 2225 1,81 {0,840] 0,520 |1,99 70 | 2290 |— 94 1359 0,8 2,8 6,2} 9,0 
24 2070 A825 O, S400 o2p don — 21410 | — 70] 1265 |0,9 |3,0]| 6,540 
25 1740 1,85 |0,860] 0,550 |1,84 = 4780 |— 27) 980 0,8 1,8 BS) 
26 2180 Sard, | ar selsy |e lexolsy| Hl aly 930 | 2400 | —100]| 1490 |0,7 | 2,0] 4,8) 7,0 
AM 2280 0,768 /0,410 | 0,222 |12,9 — 2280 |— 67] 1066 |0,8 da y ty i 
2 2200 Bot  Wa,49. 1.0, cm. 02 _- 5 ; F 
5 2450 6,80 |4,30 |4,28 |0,312} 700 | 2980 | —138] 2600 0,8 1,9 PAN Za8S 
29a 2450 6,80 |4,30 |1,28 10,342] 700 | 3040 | —290| 3040/0,8 |1,2] 1,4 1,8 
30 2560 Dy Mas Wal Altay | (Q) eA) 2s Oss 740 | 2780 | —136]| 1680 |0,7 3,2 6,0} 9,0 
ll 2640 | —132| 1970|0,8 | 2,5] 4,4] 6,0 
sla 2430 3,94 |2,49 |0,712 10,920] 420/| 2750 | —340| 2350 /0,8 |1,8] 2,2) 3,2 
31b 2680) | 1605) 2040) a | ata Sea aes 
32 1780 0,742 | 0,400 | 0,229 |13,3 400 | 1885 |— 24] 855]1,1 |3,5 30 —_— 
32a 1780 0,742 | 0,400 | 0,229 18,3 400 | 1880 |— 47} 850]1,1 | 3,520 40 
34 2230 2,00 {1,19 |0,402 |3,08 — 2420 | — 81] 1230/0,7 | 2,8} 9,0)15 
4A 3760 2,07 |41,09 | 0,495 |2,06 84 | 3790 | — 60] 2160|0,3 |1,0) 4,3) 7,5 
41 3760 2 OOM 145 05407 12,89 84 | 3790 -- 2020 /0,3 |41,4] 6,0) — 
42 3300 AF OS |e 20 MO, a96)|ae00 144 | 3430 | —176) 2000 /0,35)1,2) 3,5] 5,5 
43 2500 ZOOM MARA dian ORSio.(on2o 32 | 2675 | — 85] 1530|0,4 |1,5] 5,2] 8,0 


Note: The samples are grouped according to types: Nos.1-6 - Oksifer 
M-1000 (initial composition in mole % 55.3 Fe203, 14.5 ZnO & 30.2 MnO); 
Nos.21-34 - Oksifer M-2000 (respective percentages: 53.8, 13.8 & 32.4); 
Nos. 41-43 - Oksifer M-3000 (respective percentages: 53, 20.8 & 26.2). 
[Oksifer = ferrocart.] The permeabilities of samples Nos.29 & 31 at 15 
ke were 2350 and 2250 gauss/oersted. The data for samples Nos. 42,43,29a, 
3la & 32a were obtained on cores with ground off surface layers, metal- 
lized over two cylindrical surfaces. Sample No.3lb instead of metalliza- 

tion was coated with aquadag. 


cores electrolytically metallized over two cylindrical surfaces, after removal 
of the surface layers by grinding, and placed in a section of coaxial line. 


2. Experimental Results and Discussion 
enn penne ee 


1. The magnetic spectra of a number of toroidal samples of different size 
are shown in Figs.1 & 2. It will be evident from the curves that for ferrites 
characterized by approximately equal values of the radiofrequency permeability 
Ure (Cat 0.2 Mc) the following changes are observed with increase in the size of 
the core cross section: 

a) the frequencies fy and /, (the frequencies at which ty —1=0' and: p= 
sy min, TeSspectively) gradually decrease; 

b) the heights of the relative maxima in the absorption ( Ue max/try ) and dis- 
persion (  max/u,y ) curves increase; 

c) the peaks of the ¥, curves, which are initially broad and show evidence 
of two absorption maxima, gradually become sharper. 


Ly! Gs de~! 
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*-Fig.2. Magnetic spectra of 
Samples Nos.29-32, taken from 
the same batch. Open points - 
Wy - 1; solid points Up. 


The curves characterizing 
the frequency dependence of the 
loss tangent of the body (tan A) 
are also distinctive (Fig.3). 
Curves similar to those of 
Figs.1 & 2 are also obtained 
when the cross section of the 
cores is reduced by grinding. 

2. Typical electric (spe- 
cific inductive capacitance vs 


frequency) spectra for differ- 
ent cores of Mn-Zn ferrites are 
shown in Figs.4 & 5. The curves 
of Fig.4 are for a sample with 

a high value of resistance 0; 
the curves of Fig.5 for a sample 
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Fig.3. Frequency dependences of 
the magnetic loss tangent tan A= 
= y2/(u, - 1) for samples Nos. 29-32. 


with a lower value of p. The 
values of u,; of both specimens 
were identical prior to grinding 
down. 

With reduction (grinding 
down) of one side of the cross 
section of the core the dielec- 
tric spectra gradually shift 
to the side of higher frequencies (Fig.4). 
However, for one of the samples (Fig.5), al- 
though the same tendency is apparent, the 
maximum in the ¢« vs curve, masked by con- 


ductivity currents, degenerates into a "step’. 
&,5€2 


Joie 
Fig.4. Electric spectra (specific induc- 


tive capacitance of the body vs frequency) 


of sample No.30 (u,; = 2340 gauss/oersted) 
ground down to the following dimensions: 


1 - Dg = 1.98 cm, Dj = T-L9 Cm, Nees taL? 
cm; 2- Dy = 2.12 cm, Dj = 1.16 cm, h= 
= 0.453 cm. Solid points - €5; open 


points - €}. 
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Fig.5. Same as Fig.4, but for ground 
down sample No.43: Do = 2.0 cm, Dy = 
= 1.17 cm, h reduced to 1) 0.186 cm 
(Sie: = 2500 gauss/oersted), 2) 0.0925 
em (u,, = 1890 gauss/oersted); the 
dashed line indicates the approximate 
frequency dependence of €] with h = 

= 0.375 cm (Cu, = 2560 gauss/oersted) ; 
the dash-dot curve indicates the fre- 
quency dependence of €g (at low radio- 
frequencies the €59 vs f curve merges 
with the corresponding curves 1 & 2). 
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Fig.6. Magnetic spectra (permeability 
of the body vs frequency) of sample No. 
30 ground down to Dp = 1.98 cm, Dy = 
= 1.18 cm, ho=0.445 cm. | Cores: aia 
nonmetallized, 2 - metallized over two 
cylindrical surfaces, 3 - metallized 
over two cylindrical and one end sur- 
face, 4 - metallized over all four sur- 
faces (annular slit ~0O.1 cm wide in 
the metal layer on the face surface). 
The absorption curves are indicated by 
dashed lines. In the case of metalliza- 
tion of only the outside cylindrical 
surface the spectrum was characterized 
by the following parameters: vj, = -91 
gauss/oersted, Yomay = 1435 gauss/oersted, 
fu = 2.5 Mc, 7; = 6.8 Mc and f/f, = 9.5 
Mc. Open points - ty - 1, solid points 
~ H2- 


+Fig.7. Same as Fig.6 but for Oksifer- 


-2000 type Ni-Zn ferrites6, surface 

layer ground off to a depth of 0.2 mm: 

Do = 3.82 cm, Dy = 2.43 cm, h = 0.66 cm; 

1 - nonmetallized core, 2 - core metal- 

lized over all four surfaces (with slit 

in the end face). Open points - uj; 
solid points - upg. 
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3. It was found, in agreement with our earlier researches2! , that metalliza- 
tion of Mn-Zn ferrite cores results in an appreciable shift of the magnetic (per- 
meability) spectra to the side of lower frequencies (Fig.6 & Table). Polivanov35 
is of the opinion that this is connected with changes in the conditions of propa~ 
gation of the field in the core. As a result of metallization a) the frequencies 
Ij, fn and f, (fy is the frequency corresponding to the uw, peak) are shifted, b) 
the permeabilities u,,,, and Uzmax increase, while pimin decreases, and c) tan A 
at low radiofrequencies increases. In the case of small cross section cores, the 
absorption in which is primarily associated with the parameters of the material, 
there is no noticeable shift of the frequency ju or increase of tan A as a result 
of metallization. In the case of Ni-Zn ferrites in which the permittivity of the 
material (s’—e—js’) is lower and the permeability of the material (u’ = w — jp’) 
is approximately the same, the indicated effect is greatly weakened (Fig. 7). 

4. It is known from theory35 that in the case of very low losses (o’~0~0’) 
_the fundamental frequency /,,) of volume resonance of a nonmetallized core with 
a rectangular cross section is given by the expression 


00 — 3) S TOPS = 3 . 101° (us/E,)—"”, (1) 


where i: = 0,20(0°+ 47%); a=0,5(Da—Di), and i,, is the resonance wavelength in cm. 

In all hitherto published reports either the frequency fy or the frequency 
fp (the frequency corresponding to the yp, peak) was taken as the experimental 
value of fos this is justified in the absence of losses when /,~/fu=/}. In our 
case 9 >0<o’, hence it is necessary to have a more accurate determination of 
fee COu the (condition wy—1—0, 1.e., fy = fy. 

Analysis3? shows that the frequency /,, of an actual core may differ from 
the value given by Eq.(1) by a factor ranging from 0.5 to 1.2, depending on the 
magnitude of the losses. 

Direct quantitative comparison of /f,; with the values of /,, computed by 
means of (1) is impossible owing to the fact that the parameters yp’ and ¢’ are 
not known. Hence we shall merely compare the relative shifts (ratios) of hi 
measured on samples (with close values of Lrg) ground down to different dimensions 
with the ratios of f/,. calculated by means of Eq.(1). Thus, for example, for 
BompleeNo. 2) we havete= (0407 (0-4) 4 a7" 90-8170) a e4vand) //°M OMS 6. 26, 

Calculations by means of Eq.(1) yield FAG A08) p f0-FA))_F ((0-408) 1 —(0,54)) th = LO 
poe) = 1.58 and {U7 7° = 3.16. These values are in satisfactory agree- 
ment with the experimental ones, particularly if we bear in mind that ue de- 
creases with frequency. Also in agreement are the values of f/f; (table and 
Fig.6) and fyo/fio~(Ey/é) (for the investigated cores (¢,,/f;})” =) 2), characteriz- 
ing the relative shifts of the spectra as a result of metallization of the cores.** 
For cores of relatively large and small sizes (samples Nos.29 & 32) the experi- 
mental value of ty, 418 ~/2, which is in good agreement with theory inasmuch as 

*The superscripts at /, indicate the axial thickness h of the core. : 

**We determined the values of Lo for the core metallized over two cylindri- 
cal surfaces by means of Eq.(1) with ¢17—0.25 n*,i.e., we obtained 


3-101° 
2hV ee 
The last expression was deduced from the equation 
p’ =p’ (Ch/2)-? tanh (0/2), 


1 a 
foo = 


where ¢=] (2nf/3-10%Vyp’e’, p’ =O=0', whence pa =p [(¢//) (h/2)]}-? tg [(2/7) (h/2)]. 
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the values of uw and « in the region of the volume resonance frequency for both of 
these cores remain virtually constant. 


Conclusions 


1. One can describe the magnetic spectra of Mn-Zn ferrite cores in terms of 
two dispersion mechanisms: dispersion of the body and dispersion of the material. 

2. There exists a broad frequency range wherein y,—1<0; this,in conjunc- 
tion with the dependences of py max/pry > 0.5 and py max/Yry > 1, is indicative of the 
resonance character of dispersion of the body. 

3. It may be inferred that the primary mechanism responsible for variations 
in the character of the spectra is volume resonance. 

4. The appearance of the p vs f curves depends on the degree of metalliza- 
tion of the cores; specifically, it is feasible to evaluate qualitatively the de- 
gree of development of volume resonance in the sample by the metallization proce- 
dure. 

5. Dispersion of the body in Mn-Zn ferrites can be controlled; thus we have 
the possibility of regulating dispersion and absorption effects in ferrite cores 
to meet design specifications. 
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INVESTIGATION OF DISPERSION OF THE PERMEABILITY AND ABSORPTION IN Mn-Zn FERRITES 


eles Dispersion of the Material 
- L.A. Fomenko 


Introduction 


The results of investigations of the radiofrequency spectra of the permit- 
tivity and permeability of the material* of Mn-Zn ferrites have been peg 
only three times in the literature, namely, by Brockman, Dowling & Steneckl ; 
Prache & Billottet2 and the writer31®**, The experiments of Brockman et al were 
carried out on brick-shaped ferrite samples with pry 1300 gauss/oersted; in 
view of the fact that the dielectric constant and permeability of the material 
were determined by a very complex procedure the resultant data partially disagree 
with theory. 

The purpose of the present work was further investigation of the frequency 
dependences of the dielectric constant and permeability of Mn-Zn ferrites by 
other procedures, 

1. Samples and Experimental Procedure 


1. For the purpose of the present investigation we chose samples Nos.30 & 

43 (see preceding article) which were approximately of the same size and had 
ground-off surface layers. The cores differed as regards the dielectric constants 
of the material, but had close values of u,;. The spectra of the material were 
investigated by two procedures: 1) by the method of two nonsymmetrical experiments 
orignated by Polivanov34®, and 2) by the approximate method of three nonsymmetri- 
cal experiments, which is our own modification of the Polivanov procedure. 

2. In the first case the magnetic experiments were carried out on samples 
metallized over two cylindrical surfaces, while the electrical measurements were 
carried out on the same samples, but ground down (for equivalence of boundary 
conditions in both experiments) to half the initial axial thickness. The experi- 
mental conditions were assumed to be acceptable when Ure and ¢, (at 0.2 Mc) were 
approximately independent of the sample thickness. We do not recommend use of 
laid-on metal shields instead of metallization, in view of the distorting effect 
of the air layer between the shield and the sample. 

We determined the parameters of the material from the parameters of the body 
V4, Me, & and es, obtained from the two experiments by simultaneous solution of the 
following set of equations 

mee 
e 


pvanhth, ¢ 
TO? (1) 


and Use’ em og 


mired 


where h, is the axial thickness (in cm) of the sample in the electric experiment 
and € is the propagation constant defined by 


= j (2nf/3-10!) Vpre". 


ees eee cree ee cy me tee eee ee ee ee pee ee cee et ee se 


*In the present report we used the terminology and notation of the preceding 
article (Ref.1). All references to the bibliography, figures and equations of 
the preceding article are identified by symbol ®. 

**Results virtually identical with those of Ref.1® as regards the magnetic 
spectra of the material of Mn-Zn ferrites were recently obtained by Prache5®, 
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This solution can be written in the form 


pV F[— 40,4 BD + VFB EET DY |; 


ea Ay (CRD) (aba Ba 


iS == 


2 J (2) 
, D-BV(@+D)(F+ RP D+ BV (2+ D) (4+ Bt 
Ca Des ) oo = Qu ; 
nere 
et ease = : = re Hi eee pP— nn. ie apn 
©. & Sich <> iy 2 We 
where 
x 1 2T Cost | _1 22) sine T 
p= 0. 5tanh LT n= 0.5 ten (7? +k>, Hees Os Lepore ere 
9 =a (ech Pa G _ : : 
T =VF? + G: 2 ==) 0). Can wR is tee Kea O Al ce 


F=K (tgte— 81); G= K (ye, + poe); K = (2rhs/hp)*; hp = 3-1019/F. 


3. In the second case, as before, we found py, ps, © and e, from two non- 
Symmetrical experiments and then the dielectric constant « and the conductivity 
o’ from the third experiment, which was carried out on small pieces of the 
Sample. The values of uw and 9’ were then calculated by means of the equation 


uU—jo =e (u’| =’) = (Ae + Bo’) — 7 (Ao’— Be). (3) 


2. Experimental Results and Discussion 


ie dec aiid ese" Pee s 1. The experimental 
results for samples Nos. 
43 & 30 are shown in Figs. 
1,2,4© & 5®. As indicated 
above, using the data of 
curves 1 in these figures, 
we calculated, by means 
of Eq.(2), the parameters 
of the material (curves 
2& 3 in Figs.1 & 2). The 
results of calculation of 
e’ as a function of the 
frequency for sample No. 
43 (curves 3 in Fig.1) 
were checked by direct 


Aaa measurements of the elec- 

G tric parameters of the 
Fig.1. Spectra of sample No.43: 1) permeability of material (curves 4 in 
the body; core metallized over two cylindrical sur- Fig.1). Both procedures 
faces; 2) magnetic and 3) electric parameters of yielded satisfactory agree- 
the material (calculated by means of Eqs.(2) on the ment, which may be taken 
basis of curves 1 in the present figure and Bigs5°)"; as experimental proof of 
4) electric parameters of the material measured on the validity of the method 


a small piece of the ferrite; 5) magnetic parameters of three nonsymmetrical 

of the material (calculated by means of Eq.(3) using experiments. The frequency 
curves 1 & 4 of the present figure and curves Lo eLt dependence of wp’ as calcu- 
Fig.5®). Dash-dot curves and solid points - absorp- lated by means of Eq.(3), 


tion curves. 


My-Fi fps iti pr, 0500" (€,0)):10* 
2600 ae 


Fig.2. Spectra of sample No.3; 
1) permeability of the body; 
core (Dp = 1.98, Di = SS ihe i 

h = 0,434 cm) with ground off 
surface layers, metallized over 
two cylindrical surfaces; 2) 
magnetic and 3) electric para- 
meters of the material calcu- 
lated by means of Eqs. (2) on 
the basis of curves 1 of the 
present figure and Fig.4®; 4) 
the dashed line indicates the 
approximate frequency depend- 
ence of ¢' based on the results 
of measurements on small pieces 
of ferrite. Solid points - 
absorption curves. 


0 10 20 
tan 4 


Fig.3. Variation of the coefficient 
7) as a function of tan A for differ- 
ent values of tan § (as indicated 


at the curves). 
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which is in fair agreement with curves 2 in 
Fig.1, is shown in the same figure by curve 
5. An analogous attempt to check the fre- 
quency dependence of e’ for sample No.30 did 
not give a satisfactory quantitative result, 
apparently owing to inhomogeneity of the 
core, and enabled us to obtain only a quali- 
tative idea of the character of the frequen- 
cy dependences of © and oa’ (curves 4 in Fig. 
2) for ¢ > 3 Mc. Hence these data were sub- 
sequently checked by a different procedure 
(see Section 3 below). 

2. Analysis of curves 2 in Figs.1l & 2 
shows that the permeability of the material 
spectra of Mn-Zn ferrites have a weakly pro- 
nounced resonance character and superficial- 
ly are similar to the spectra of Ni-Zn and 
other ferrites, differing from the latter 
mainly as regards larger values of the fre- 
quencies /, and 7, and lower values of 
tan A= p'/u at low radiofrequencies €0.2 
Mc). These distinctive characteristics of 
the spectra may be qualitatively explained 
by the large value of the saturation magnet- 
ization I, of Mn-Zn ferrites; for example, 
I, for Oksifer 2000 (Fig.7®) is 200 gauss, 
while I, for Oksifer M-3000 (Fig.2) is al- 
most 400 gauss. The formulas that serve to 
explain the distinctive characteristics of 
Oksifer are; 33° 


Tu = fy) ~CI se [(ua —1) and tan A~f/fu, (4) 


where C~ge/2mc and 7, is the mean resonance 
frequency of dispersion for the material. 

If, after Guillard5®, we assume that the 
permeability y,, of high-permeability Mn-Zn 
ferrites is associated primarily with wall 
displacements, the observed dispersion of p 
the permeability can be described according 
to Déring’ by resonance of their effective 
mass. It is known from theory+ that in the 
case of predominance of the processes of 
displacement of 90° walls for a tetraxial 
cubic crystal with [111] easy magnetization 
axes the ratio of permeabilities measured in 
the state of remanent magnetization I, and 
rs the demagnetized state (with Ip/I, ¥ 0.5) 

s 


UaR |tha WR a3} [1+8.15 aR (1 — &R )I, 


where ap is a small parameter dependent on 
the intensity and distribution of internal 
demagnetizing fields. This expression with 
are ~O0 is in good agreement with experiment 
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for some Ni-Zn ferrites. In the case of M-1000 and M-2000 type Mn-Zn ferrites, 
however, war/p. proves to be close to unity. If we accept the fact* that ap < 
0.5, we must assume that the reversible magnetization processes in Mn-Zn ferrites 
involve displacement not only of 90° but also of 180° walls. 

3. Analysis of curves 3 in Fig.1 shows that in agreement with Ref.1® the 
electric spectra of the material of Mn-Zn ferrites are characterized by a mono- 
tonic decrease of both e and o’ with increasing frequency. As for the maxima 
evinced in curves 3 of Fig.2, we believe that they are probably associated with 
experimental errors stemming from inadequate inhomogeneity of the samples and de- 
viation of the field in the metallized core from the case of an ideal plane wave. 
Naturally, the influence of these factors is evinced more strongly in samples 
characterized by relatively low attenuation, inasmuch as even a minor relative 
shift in frequency of the rapidly varying »’ and ¢’ vs f curves in this case may 
give rise to an appreciable error in determining the spectra of the material. 
Hence the values of ¢« and particularly of so’ for sample No.30 at f> 5 Mc must 
be regarded as only approximate. 


3. Comparison with Theory 
1. The theory of magnetization of nonmetallized ferrite rods of rectangular 


cross section, as developed by Polivanov35®, yields the following expression that 


allows of describing the dispersion of the body due to the influence of the skin 
effect and volume resonance; 


= ete, 64S) ¢2 
Pa 2: E x Pay Pg eas | (5) 


where e=0.25|(—) +(4)]. and ] and g are odd numbers determining the resonance 
a 


order. Let us rewrite (5) in the following form which is more convenient for 
computations: 


5 P “ : = JD? 
oes { 0.657 yee les (--4-0.657 2 Oe | (6) 
l,q lq 
here 
Pie LE) a = EN : 
ee NS i ee) Re Noe 
M = ey, ¢—p’a’); Nees == {uckt-p'e): 


Solving Eq.(6) for the frequency /,, at which wy —1 = pe =0, forenirst 
order resonance (l/=q=1; §=&,) we obtain 


+2 3-400 FV og 08 (7) 
too = V ven 0.686 U Vitae! 


where 


$s =0.657 (1 + tan2A + 0.686 (1 —tanAtan’) and U = (1 + tan2Aj(4 + tg). 


: ‘ 1® 
Eq.(7) differs from the corresponding expression given by Brockman et al 

only by the correction coefficient 1, which is a function of the magne? te and 

electric loss tangents of the material, tan A= o'/u and tan § = ok, respectively, 

a *Higher values of a, would be inconsistent with the high value of p, charac- 

teristic of the samples. 
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-1 for the ferrite.* The values 
ee of 7 calculated by means of 
oe | Eq.(7) are graphed in Fig.3. 
For values of tan §> 0.32, 
the curves of real values of 
nj as a function of tan A ex- 
hibit a break which occurs at 
the "point ~s*—T3/2.U, sk 
view of this and the fact that 
imaginary frequency values have 
no physical meaning, we can de- 
termine the region of exist- 
ence of the frequency of volume 
resonance of the first order. 
From this it is evident that 
the frequency f/f), can obtain 
only at certain definite values 
of tan A and tan 6 of the ma- 
terial. 

2. We computed the frequen- 
cy dependences of the perme- 
ability of the body for cores 

ft of different dimensions on the 
p ae basis of the measured values of 


uw’ and e’ for Oksifer M-2000, 


1000 


Bee. using Eqs.(6); the computed 
ey curves are compared with the 
200 experimental data in Fig.4. 
02 10 6 It will be seen that there is 
OMe generally good agreement. There 
Fig.4. Comparison of the experimental (triangles is, however, some deviation be- 
& squares) and calculated (circles) values of tween the curves in the fre- 
the permeabilities of the body of Mn-Zn ferrites: quencies above 5 Mc; this can 
1) sample No.29 and 2) sample No.3l. be attributed to experimental 
errors in determining the values 
of ¢« and oa’. We note that Brockman et al carried out analogous calculations of 


the permeability of the body of Mn-Zn ferrite bricks 1.25 x 2.5 cm in cross sec- 
tion and also obtained a region of negative values of u,—1 (at f> 2 Mc) in 
their theoretical curves. This region is absent, however, from the experimental 
spectrum for 1.25 x 2.5 cm cross section samples, which indicates disagreement 
between experiment and theory. 

3. Fig.5 gives a comparison of the experimental and calculated values of 
the frequencies /, and /,, for Oksifer M-2000 cores of different sizes; the theo- 
retical curves were calculated according to Eq.(7) using the data of curves 2 & 
3 in Fig.2 and the values of 7 given in Fig.3. The agreement is satisfactory. 
The divergence in the region of high frequencies is apparently connected with in- 
adequate accuracy of Eq.(7), which does not take into account higher order reson- 
ances. In connection with these calculations it should be noted that the true 
values of /,, can only be obtained as a result of successive approximations, in 
the course of which the effective volume resonance frequency pee graddally ap 


proaches its true value (Fig.6) when dich d hips The frequency dependence 


SF ee ct Oe ee ee ES meee Se ee ee ee ee oe 


*sHere o=0', +0',, where o’, is due to polarization losses and o’ to elec- 
tric conductivity of the material. It is usually assumedl®,34® that’ o/p=1.8-101Vfo 


= GSke= 


of the effective volume resonance frequency is con- 
nected with the frequency variation of the perme- 
ability of the material. We note that with decrease 
of the frequency, the magnitude of the ratio tfc 
decreases at first slowly and then rapidly. This 
indicates gradual diminution of the influence of 
resonance dimensional effects on the character of 
the frequency dependence of uy’. 

4. We also carried out a comparison of the ex- 
perimental and theoretical values of /!! and PeeLOr 
M-2000 cores metallized over two cylindrical sur- 
faces. The calculations were carried out by means 
of Eq.(7) with it = 0.25 h2, The results were in 
approximate agreement, which substantiates the val- 
idity of our assumptions. 


Conclusions 
eee oF 10 Ff, Me 

The following inferences may be drawn from 
Fig.5. Comparison of the our investigation of the spectra of the material 
calculated values (solid of Mn-Zn ferrites. 
line) of the frequency 1. The experimental technique employed is es- 
with the experimental val- sentially correct; in particular, the macroscopic 
‘ues of /; : 1) samples Nos. anisotropy of the electric properties of Mn-Zn fer- 
2ooec0, 31-& 34.(identical rites is insignificant. 
as regards composition and 2. The magnetic and electric spectra of the 
preparation procedure), 2) parameters of the material (effective material di- 
samples No.21, 3) sample electric constants and permeabilities) of Mn-Zn fer- 
No.23, 4) sample No.27, 5) rites of the same composition are similar; this fol- 


sample No.26, 6) sample No. lows from the agreement of the experimental and cal- 
24. All samples character- culated data (Refs.4 & 5). 


ized by approximately the 3. It would appear that design calculations 
same values of of the spectra of the body of ferrite cores of rect- 
angular cross section by means of formula (6) are 


feasible. 

4. The more precise expression (7) deduced by 
us for the volume resonance frequency is substanti- 
ated by experiment. 
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CTERISTICS OF FERRITES 
NCE OF MAGNETIC VISCOSITY ON THE FREQUENCY CHARA 
a - R.V.Telesnin & A.G.Shishkov 


The magnetic viscosity of materials is generally investigated by two Andes 
pendent procedures, namely, 1) by aperiodic, pulse variation of the magnetic 
field, the object being to study the time dependence of the magnetization, and 
2) by periodic, sinusoidal variation of the magnetic field, the object in this 
case being to study the frequency dependence of the complex permeability of the 
material. The purpose of the present study was to compare the two dependences 
as evinced incident to variation of the amplitude of the magnetic field, the fre- 
quency of the alternating field and the temperature. We believe this is the 
first time that such a combined investigation of magnetic viscosity by the two 
procedures was carried out on the same samples. 


I. Aperiodic Pulse Variation of the Field 


In pulse experiments the changes in field strengths are instantaneous. Ow- 
ing to magnetic viscosity, however, the magnetization cannot change instantane- 
ously: the change occurs over a certain period of time, which characterizes the 
magnetic viscosity. 

To facilitate comparison with the results obtained with alternating fields, 
the instantaneous changes of the magnetic field were made symmetrical, i.e., the 
field was switched instantaeously from +Hj to -Hy. Consequently, the magnetiza- 
tion varied with time from I(+H,) to I(-H,)) (Fig.1). 


hI 


1. Theory of pulse magnetization reversal 


Arkad'evt gives a detailed treatment of the 
fundamental equation of motion of elementary mag- 
netic moments on condition that the inertial term 
is small, this equation can be written 


Oz + Kz = H. (1) 


Here xz is the coordinate of the boundary or 
wall between domains (the magnetization is assumed 
to occur primarily through wall displacements), Q 
is the magnetic friction coefficient, K is the mag- 
Fig.1. Aperiodic pulse vari- netic elasticity coefficient and H is the applied 
ation of field for determin- magnetic field. 
ing the magnetic viscosity. In weak fields, when magnetization occurs pri- 

marily by way of elastic wall displacements, the 
solution of Eq.(1) gives an exponential time dependence of the magnetization: 


Al (t) a ie (1 —— es ai*); (2) 
where 
ane 
— K™~ 37, Xa- (3) 


Here tT is the relaxation time characterizing the magnetic viscosity, l is 
the mean dimension of the domains, and Xa is the initial susceptibility. Expres- 
sion (3) corresponds to the first rule of magnetic viscosity established earlier 
by one of us2; however, as was noted, Eq.(3) is valid only for weak fields, where- 
as an appreciable magnetic viscosity is observed only in the region of reversible 
Barkhausen jumps, when the magnetization is realized “inelastically, ige.goes 
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, curs in steps. Let us designate the corresponding fields as "medium fields". 


In medium fields, the elasticity constant Kx O and Eq.(1), in agreement with ex- 
periment3>4, assumes the form 


Ou (4) 


where h, is a certain critical field, below which there are no Barkhausen jumps. 
In these experiments, according to (4), the rate of change of magnetization is 
independent of the time. In contrast, in our measurements, as in other studies 
of magnetic viscosity, the rate of change of magnetization di/dt has a sharp peak 
at the initial instant and then smoothly and monotonically falls off to zero. 
This difference in the behavior of d//dt in the case of single crystals as com- 
pared with polycrystals is, apparently, explained by the fact that in the former 
case (single crystals or wires under tension) the reversal of magnetization oc- 
curs in a specimen with a simple domain structure, whereas in the latter case 
(polycrystalline specimens exhibiting magnetic viscosity) the structure of the 
spontaneous magnetization domains is much more complicated and one must take in- 
to account the magnetic interaction between neighboring domains. Thus, Eq. (4) 
is predicated on the absence of magnetic interaction between particles; the ap- 
plied external field H is therefore equal to the internal effective field h,;. 

When magnetic interaction is taken into account (and this is essential in 
the case of nonuniform, jump-like magnetization) the effective internal field h; 
must. necessarily be different from H. Kondorskii took consistent account of such 
interaction in his work on the theory of hysteresis.° In the model proposed by 
Kondorskii the ferromagnet is regarded as a superposition of two media: 1) a 
medium with hysteresis and zero reversible susceptibility and 2) a hysteresis- 
less medium with a susceptibility y,, Consider a particle of a polycrystalline 
sample, the axis of easiest magnetization of which is oriented at an angle 9; to 
the direction of the external field H. The internal field h; acting on this par- 
ticle will differ from the applied field and will be given by 


hy =H +N (I, —Iqi), S 


where the demagnetizing factor Ns ies I, is the mean magnetization of the 
first medium and /,; is the longitudinal component of the i-th section of the 
first mediun. 

The mean magnetization /, of the first medium is the total of the longitudin- 
al components of all i sections of this medium. Finally, Kondorskii obtained the 
following analytic expression for the magnetization curve of a polycrystalline 
magnet 


(6) 


In our calculations of the influence of magnetic interaction of the particles 
on the magnetic viscosity we used the Kondorskii model, only in our calculations 
the magnetization of the sample (first and second media) is time dependent: 

9mit) 
dait) — \ Toi (t) sin 9; dd; , (7) 
0 
where 


ho (8) 
cos 3m (t) = FEN ° 
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The internal field h; is, naturally, also time dependent. This Edie jae 
ence of h; apparently determines the time dependence of the magnetization ro) a 
polycrystalline ferromagnet. The expression describing the domain wall dynamics, 


in accord with (4), is of the form 


Qa; (t) = hi (t) cos 94 —No. (9) 


This equation is valid only provided the magnetization reversal occurs Bite 
marily through the growth of reverse magnetization domains already Presenns Bes 
if the maximum field H,, is appreciably lower than the saturation field H.. 
Equation (9) is therefore inadequate for describing the behavior of materials 
with a rectangular hysteresis loop, magnetization reversal in which requires nu- 
cleation of new reverse magnetization domains. 

Simultaneous solution of Eqs.(7),(5) & (9) leads to a transcendental equation 
relating the rate of change of magnetization AI (t) with the field strength Hy» 
and the corresponding value of the change in magnetization AJ (t)=Im(Hm)—I'(t): 


NAI (t) mt) 
Bint arg Ql \ T ot (2) 
Fp t= in he alate c0s?9, 


sin oi dd; . (10) 


The left hand part of (10) may be written in a different form on the basis 
of (6), while the second term on the right hand side can be approximated in terms 
of the rate of change of magnetization A/(t), so that instead of (10), we obtain 


VATS NAT (t) NAT (t) 
Milano Hit a qu Hm 2 : 
23 hee SA A ee (11) 


In hy ho Seti As ho 


This is a nonlinear differential equation; hence here we have no exponential 
as in Arkad'ev's equation for the magnetic viscosity. However, Eq.(1l) also 
yields a monotonic decrease of magnetization with time, similar to that shown in 
Fig.l. The rate of decrease of magnetization will be higher, the larger the quan- 
tity, QU/4l.. The magnetic viscosity is proportional to QI/4/,. In the case when 
EG 1 one can obtain an exponential time dependence with a relaxation time 


Ql 
a 21,<cos? 9) (x Bj i 2xXr)3 (12) 


this is also consistent with the first rule of magnetic viscosity. 
2. Experimental Results 


The experiments involving aperiodic pulse magnetization reversal were car- 
ried out on the pulse oscillograph set-up developed by Telesnin & Lednev®, The 
oscillograph display shows the time variation of an emf proportional to dIJ)dt. 

We tested six toroidal Ni-Zn ferrite (17.4 mole % NiO & 32.6 mole % ZnO) cores 
sintered for 4 hours at different temperatures ranging from 1200 to 1400°. The 
results of measurements at room temperature have been described earlier’. Fig.2 
shows the variation of the magnetic viscosity with the magnetic field strength H 
for several samples at room temperature. It will be seen that the relaxation : 
time generally follows the variation of the differential susceptibility. A more 
rigorous proportionality is obtained, however, if instead of Ya One takes the in- 
elastic differential susceptibility of the jumps .ey — A eee 

Similar measurements were carried out on all the samples at +509, -10°, -40° 
and at the temperatures of dry ice and liquid nitrogen. It was found that ti 
general the viscosity of ferrites increases with decreasing temperature. But the 
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temperature dependence of 

the viscosity is made up of 
the temperature dependence 

of the magnetic permeability 
and the temperature depend- 
ence of the magnetic friction 
coefficient ©], entering into 
(1). Hence the temperature 
dependence of t/yg,, shown in 
Fig.3, is of particular in- 
terest. This "specific" mag- 
netic viscosity, which is 
proportional to QJ/4/,, in- 
creases fairly rapidly with 
decreasing temperature. A 
particularly great increase 
is evinced at liquid nitro- 
gen temperature. It must 

be noted, however, that at 


o 100 200 100 200 liquid nitrogen temperature 
4m Oe Hm Oe the character of the time 
Fig.2. Variation of the relaxation time tT and the dependence changes radically, 
differential susceptibility xz, with the magnetic becoming nearly hyperbolic: 
field strength H, at room temperature. (7 ) 
8 dite tus 
ae é 


II. Periodic Field Variation 


(Frequency dependence of 
the permeability) 


As noted above, the fre- 
quency dependence of the 
permeability was investigat- 
ed on the same Ni-Zn ferrite 
cores in fields of the same 
amplitude as in the pulse 
experiments. The complex 
permeability yp = Wy - ing 
was determined in the fre- 
quency range from 0.5 to 60 
ke on a bridge set-up incor- 


19 


0 


100 200 300 7, °K porating a differential 
Fig.3. Temperature dependences of 7/xp. obtained transformer. Inasmuch as 
for different samples. ~ the measurements extended in- 


to the nonlinear range of 
variation of the magnetization, we took appropriate measures to insure a sinusoid- 
al current (sinusoidal variation of the magnetic field) and determined the perme- 
ability only with reference to the fundamental harmonic. To this end a selective 
28-I audio-frequency amplifier and a supplementary LC filter were connected into 
the bridge diagonal. As a result, there were obtained frequency dependences of 
the permeability for different constant field amplitudes of the by pegehoys in 
Fig.4. In the region of weak fields, where there are no Barkhausen jumps, the 
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Fig.4. Frequency dependences of the real and imaginary parts of the permeability 
of sample No.6 at the temperature of dry ice. 
Fig.5. Variation of the critical frequency fey as a function of the 
amplitude of the alternating magnetic field for sample No.1 at room 
temperature and calculated values of tie 


permeabilities 41 and ug are virtually independent of the frequency. With in- 
crease in the amplitude of the alternating magnetic field (Hp>,) there appears 
a characteristic field dependence of both parts of the permeability: the real 
part 43 monotonically decreases at audio-frequencies tending to a limit value; 
the imaginary part wg exhibits a hump-like dependence at the same frequencies 
and with further increase of the frequency tends to a finite value (determined 
by the hysteresis loss). Consequently, in a periodic field, too, Ly ~ B/H re- 
solves into a reversible elastic component, which is virtually independent of 
the frequency, and an irreversible jump permeability component, which rapidly 
falls off with increasing frequency still in the audio range. This decrease of 
permeability in the range of audio-frequencies must be borne in mind in engin- 
eering applications of ferrites in the range of medium fields. 

The maximum of the imaginary part of the permeability Wo lies at a certain 
critical frequency fcoy at which the real part of the permeability drops to ap- 
proximately half its value at 0.5 kc. 

Arkad'evl developed a theory of relaxation spectra according to which the 


frequency dependence of the permeability (neglecting eddy currents) is of the 
form 


= ree Sie 
Ya = Poo + 4+ (f/f,)?? (13) 
= m fifa 
2 =r Te 4 a (f/fy)? ’ (14) 
where 
seg h ih 
fu = Fer * (15) 


In conformity with the first rule of magnetic viscosity, at any given tem- 
perature the critical frequency, according to Arkad'ev, should be given by 


(eee eee 
LS 2nAyxy (Ho) . (16) 
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Fig.6 Hips. 7, 
Fig.6. Variation of the critical frequency fer of sample No.5 as a function of 
the magnetic field amplitude at different temperatures. 


: AH 
Fig.7. Temperature dependence of 25 = Top for different samples. 


Our experiments, however, yield a different field dependence of the critical 
frequency at all temperatures. The lower curve in Fig.5 shows the variation of 
fer with H, for sample No.1 at room temperature. In the same figure for compari- 
son we give the variation of /, as calculated by means of Eq.(16). It will be 
evident that a) the values of fey are consistently lower than those of /,, and b) 
the field dependences of fey and f/f, are essentially different. When the field 
amplitude exceeds a certain critical value hk, the critical frequency increases 
linearly with increase of Hp. This linear field dependence of fey can be explain- 
ed on the basis of Becker's model® for irreversible Barkhausen jumps. Let S be 
the mean length of the jumps (S <10-3-10-4 cm). If the frequency w = 2nf is so 
high that, owing to magnetic friction, the domain wall in an inelastic Barkhausen 
jump does not have time to traverse fully the distance S, the magnetic permeabili- 
ty will decrease with decreasing frequency. The critical frequency for such ir- 
reversible jumps, according to Becker, is given by the formula 


ea Src a7 

This formula correctly describes the experimental results obtained at all 
temperatures. It should be borne in mind, however, that it can serve only for 
approximate evaluation of the critical frequency inasmuch as it does not take in- 
to account magnetic interaction between particles. In Part I we showed that it 
is essential to take this interaction into account in considering magnetization 
reversal in polycrystalline specimens. 

The results of our measurements of the frequency dependence of the permeabili- 
ty for all samples at room temperature are shown in Ref.7. We carried out ana- 
logous measurements in the temperature range from -195° to +50°. The variation 
of the critical frequency with H, at different temperatures for sample No.5 is 
shown in Fig.6. 

As compared with room temperature, at liquid nitrogen temperature the value 
of the critical field h, is much higher and the slope of the fcoy vs Ho curve is 
appreciably flatter; at +50°, in addition to decrease of the critical field 
and increase of the slope of the fey vS Hy curve, there also appears a nonlinear 
section (bend) in this curve in the range of relatively weak fields. 
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With increase of H,, the field dependence of the critical frequency becomes 
linear. Our experiments show that a bend in the fcr curve in the region of weak 
fields is present at all temperatures, but that it extends into the region of 
higher frequencies (3-5 kc) only at high temperatures (presumably at liquid nitro- 
gen temperature the nonlinear section (bend) lies below 500 cps.) In our opinion 
this nonlinearity is a dimensional effect, i.e., the bend is associated with the 
influence of the thickness of the toroidal samples. 

In view of the inhomogeneity of the magnetic field over the cross section 
of the toroid in relatively weak fields, reversal of magnetization begins in the 
internal layers of the sample even though the average field over the toroid cross 
section is still below the critical value h,. As is known, in the case of mag- 
netization reversal of materials with a rectangular hysteresis loop, the 1/t vs 
Hj curves have an appearance similar to that shown in Fig.6. As in the above men- 
tioned case, the ratio of the critical field obtained by extrapolation of the 
linear part of the plot to the point of intersection with the horizontal axis to 
the critical field value obtained in our experiments is of the same order of mag- 
nitude as the ratio of the outer diameter of the sample to its inner diameter. 
From plots such as those shown in Fig.6 one can readily determine by extrapola- 
tion of the linear section the magnitude of the critical field, while from the 
slope of the plot, using Eq.(7) one can evaluate QS. 


4, 0e 


Pe bPeococgsa 


200 408 200 400 
°K 7° 
Fig.8. Temperature dependence of the critical field ho for different samples and 
temperature dependence of the coercive force H, for the same samples. 


The values of QS determined in this manner for our samples are plotted as 
a function of the temperature in Fig.7. The temperature dependence in the criti- 
cal field fh, and the coercive force He are shown in Fig.8. As might be expected 
the temperature dependence of hy virtually reproduces the temperature de ere 
of the static coercive force H,. This is readily understandable if we es ti , 
that the coercive force of the material is essentially the resultant of tHe criti- 


cal fields of the particles and domains averaged 
Ov 
talline sample. 3 er the volume of the polycrys- 


III. Magnetic Viscosity of Ferrites in Pulse and Periodic Fields 


Comparison of the temperature variation of t i 

he friction coefficient j 

Sea length S is assumed to be relatively insensitive to coupe athe cae 

e rom the frequency dependence of the permeability with the temperature depend- 

ence of the specific magnetic viscosity t/yp,; (Fig.3) also shows d a 

ence in a wide range. This corr : * lareveace ee 
espondence again substantiates our inference that 


ere °k: is 


, the magnitude of t/{p3 Characterizes the magnetic friction ©. It is important 

to note that both experimental procedures (pulse and periodic variation of the 
magnetic field) give a strong increase of magnetic friction with decreasing tem- 
perature for ferrites. The same kind of dependence has been observed in metal- 
lic ferromagnets (the magnetic viscosity of iron and nickel increases greatly 
with decreasing temperature). A rough evaluation of the friction coefficient 

for our ferrites at room temperature based on the pulse field data ( */x_ ~ 3-1078 
sec oersted gauss7l) yields QS~—5-107© oersted sec. This value is an overesti- 
mate inasmuch as the calculation is based on the approximate linear equation for 
the rate of magnetization. However, the order of magnitude of Q is apparently 
correct. If we determine the same coefficient of friction from the frequency 
properties, we obtain QS~1.5-107§ oersted sec. Although the agreement is far 
from complete, it may be regarded as satisfactory. It may be noted that not only 
is the temperature variation for QS for ferrites reminiscent of temperature vari- 
ation of the magnetic viscosity in metals, but also the order of magnitude of 

in Ni-Zn ferrites does not differ greatly from the magnitude of the friction co- 
efficient in metals. Magnetic friction in metallic ferromagnetis is explained 

in terms of the electric conductivity, i.e., by the retarding action of eddy micro- 
currents. 

On the other hand, numerous studies on the rate of magnetization switching 
in ferrites convincingly show that the de resistivity of ferrites bears little or 
no relation to the dynamics of magnetic processes in these materials. The metal- 
lic conductivity of ferrites increases with frequency. We believe, therefore, 
that there are present in ferrites conducting microregions, the high conductivity 
of which is responsible for the strong attenuation of the magnetic oscillations 
in pulsed and sinusoidal fields. 


Conclusions 


1. Taking into account the magnetic interaction between particles in poly- 
crystalline cores leads to a satisfactory explanation of the magnetic viscosity 
curve obtained with pulsed fields. 

2. The damping of large Barkhausen jumps at low (audio) frequencies is due 
to the presence of strong magnetic friction in ferrites; this fact must be borne 
in mind in utilizing ferrites in medium fields under conditions of maximum perme- 
ability. 
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RATE OF MAGNETIZATION SWITCHING IN FERRITES 
- R.V.Telesnin & E.F.Kuritsyna 


Domain wall motion in an ideal uniaxial ferromagnetic crystal is described 
by the Landau-Lifshits! magnetodynamic equation 


: HI 
I, = Yo [Hils] +7¥0¢ (u. ne ia 1.) : (1) 


Ty 


Solution of this equation leads to the following expression for the velocity 


of the moving wall: 
Yo! s AA! 
ya cianV aaEK cai (2) 


Here J, is the saturation magnetization, H; is the effective field acting 
on the ferromagnet, yo is the gyromagnetic ratio, ¢ is a factor depending on the 
magnetic interaction, A’ is the exchange integral, K is the anisotropy constant 
and a is the lattice constant. Experiments?,3,4,9 have shown that for real 
single crystals and for polycrystalline materials with a rectangular hysteresis 
loop, which have certain similarities with single crystals, the domain wall vel- 
ocity is proportional not to the applied field but to the difference between the 
applied field and a certain starting field H;: 


v= A(H —H,). (3) 


Generalization of the Landau-Lifshits theory to polycrystalline ferromagnets, 
carried out by Kittel, Menyuk & Goodenough’ , and others, leads to the following 
expression for the rate of wall motion: 


v= 2(H—H,) =, (4) 


where B = 8,-+ By is a wall motion damping parameter dependent on the viscosity 
(8,) of the ferromagnet and on the eddy currents (8;). There are no macroscopic 
eddy currents in ferrites, hence the velocity of wall motion is determined pri- 
marily by the magnetic viscosity. If the distance d traversed by the wall is 
known (it may be assumed equal to the linear dimensions of the domains), one can 
calculate the magnetization reversal (switching) time: 


Bd 
bem (72823: 15) (5) 


In most cases, as, for example, for ferrites, the exact value of d is not 
known; hence it is more convenient to carry out the calculations utilizing the 
concept of a magnetization switching constant S. From (5) we find 


Bd 


Sl Ha) psstopacenras? (6) 


where 0 is the angle between H and I, and the <> denote averaging; thus S de- 
termines the slope of the line representing the rate of switching matatave to 
the tats SH which the quantity 1/t, proportional to vy 18: dalid off, 

ere is no agreement yet regarding the mechanism o i j 
in ferrites with a rectangular hysteresis loop. The above ea 
their treatment on the domain wall displacement model, but other magnetization 
reversal mechanisms have been suggested, specifically that involving rotation of 
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‘the spin vectors. This is the view advanced by Gyorgy® 
of rotational magnetization reversal in ferrites. 
the switching constant S is given by the formula 


who developed the theory 
According to Gyorgy's theory, 


Be a Le 
Suevon Mac) aa (7) 


where C is a constant of the order of unity, and a is a variable associated with 
damping. Formula (7) has a minimum at g = 1; then S proves to be of the order 

of 2-10-% oersted sec. Actually, experimentally determined values of S are usual- 
ly somewhat greater. By way of argument supporting his theory Gyorgy cites the 
fact that the magnetization switching times for different materials differing 
greatly as regards the size of their domains differ very little, i.e., much less 
than do the domain dimensions. On the other hand, evidence against Gyorgy's "ro- 
tational model” is furnished by the strong temperature dependence of S observed 

in some materials. 


Obviously, the question of the micromechanism of magnetization reversal in 
ferrites requires further study. 


1. Experimental apparatus and procedure 


The purposes of the present work were to 
investigate the mechanism of magnetization switch- 
ing in ferrite toroids having a rectangular hys- 
teresis loop and to determine the temperature de- 
pendence of the switching rate of different types 


Syne pulse of commercial ferrites. For the present experi- 
ments we chose Mg-Mn ferrites of the type used 
Fig.1. Block diagram of the as matrix and switching elements in computers. 
experimental set-up for in- We investigated the rate of magnetization switch- 
vestigating the rate of mag- ing as a function of the magnetizing field 
netization switching in fer- strength, the temperature and the number of turns 
rites. of the magnetizing winding. 


A diagram of the experimental set-up is shown 
in Fig.l. The square pulse generator produced very steep pulses of 3 to 50 micro- 
sec duration; the pulse rise time after amplification by the current amplifier Y 
(employing GI-30 tubes) was less than 51078 sec. The current pulse reversed the 
magnetization of the ferrite core FC, the magnetizing winding 1 on which consist- 
ed of one to ten turns. A de current flowed through winding 2, producing an op- 
posing field which returned the core to the initial state after termination of 
the magnetizing pulse. A small noninductive resistance r was incorporated in the 
magnetizing circuit; the voltage drop across r served for measuring the pulse cur- 
rent. The voltage was measured by the pulse oscilloscope SI-1, which also showed 
the shape of the pulse. The reversal pulses were taken off the third winding 3, 
which consisted of 3 to 10 turns, and applied to the plates of the IO-4 type 
pulse oscillograph, which showed the duration of the reversal pulse. The sweep 
of the 10-4 oscillograph was triggered by a synchronizing pulse from the pulse 
generator PG. The 10-4 oscillograph was modified: the usual 13L037 Rube was re- 
placed by a 13L03 tube, in which the lead from the deflecting plates is brought 
out on the envelope. (The need for this modification of the oscillograph was es- 
tablished in the laboratory of K.M.Polivanov.) The investigated voltage was ap- 
plied directly to the vertical deflection plates. In this way the input capaci- 
tance of the oscillograph was reduced from 45 to 5-7 pf. Only under these condi- 
tions was it feasible to observe undistorted reversal pulses of less than 0.1 
microsec duration. 
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An essential condition 
for satisfactory operation 
of the set-up is a very steep 
rise of the magnetization re- 
versal pulse. We succeeded 
in obtaining a rise time of 
less than 0.05 microsec by 
appropriate redesign of the 
pulse generator and current 
Fig.2. Oscillograms of magnetization switching in amplifier. The width of the 
K-65 ferrite in weak fields. Time markers at 0.1 trailing edge of the pulses 
microsec. Flat pulse - 1.15 oersted field, middle is unimportant. 
pulse - 2.88 oersted field, short pulse - 4.85 
oersted field. 


2. Magnetization switching mechanism 


Reversal of magnetization begins if the amplitude of the applied field at- 
tains a starting value H, somewhat exceeding the coercive force H,. If the 
field induced by the pulse is only slightly higher than the starting field, the 
rate of magnetization reversal is very low inasmuch as the viscosity is greatest 
for this section of the hysteresis loop (as follows from the first rule of mag- 
netic viscosity?). This low field magnetization switching is characterized by 
the flattest pulse in the oscillogram of Fig.2; the duration of this pulse even 
for small matrix ferrites may attain several microseconds, whereas in strong 
fields, fields 5-10 times greater than the starting field, the magnetization 
switching time for such a ferrite is less than 0.1 microsec. The steeper pulses 
in the oscillogram are for fields 2-3 times greater than the starting field. 


3. Temperature dependence of the switching rate 


Fig.3 shows the magnetization switching isotherms for K-65 matrix type fer- 
rites recorded at temperatures from 78° to 475° and the temperature dependence 
of the switching constant S. It will be evident that S decreases slowly with 


1 76 —1 
Fa 10,sec 


ai 596K 


475 °K 
438° §-10? 0€. sec 


Fig.3 Fig.4 
Fig.3. a - magnetization switching isotherms for K-65 ferrite, b - temperature 
dependence of the switching constant S of K-65 ferrite. 
Fig.4. Same as Fig.3 but for K-132 ferrite. 
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Fig.5. Temperature dependences of S for ferrites: 1) PP-5, 2) PP-4, 3) K-28, 4) 
PP-1, 5) PPp-24, 
Fig.6. a - field dependence of the switching time of PP-1 ferrite with 
different numbers of turns of the reversal winding; b - variation of 
the switching constant S of PP-l ferrite with the number n of turns of 
the reversal winding. 


increasing temperature from 78°. to approximately 400°K and then upon approach to 
the Curie point (~510°) begins to decrease much more rapidly. The corresponding 
curves for K-132 ferrite are shown in Fig.4. It will be seen that the tempera- 
ture dependence of the rate of magnetization switching for this ferrite is much 
stronger. The temperature dependences of S for ferrites K-28, PP-1, PP-4, PP-5 
and PP-24 are plotted in Fig.5. 

In measurements of the switching time, the reversal winding, i.e., the wind- 
ing through which the pulse reversing the magnetization flows, must consist of 
one or at most two turns, for otherwise the apparent switching time will be mis- 
leadingly high inasmuch as the inductance emf opposes the magnetizing pulse. The 
effect is particularly strong when the plate voltage on the output tube is not 
very high (under 1000 v). Fig.6 shows the field dependences of the apparent 
switching time obtained for switching matrix type PP-1l ferrite with different 
numbers of turns of the reversal winding and the variation of the constant S with 
the number of turns in the winding. The mean diameter of the sample used in 
these measurements was 0.32 cm. The mean diameters of all the investigated matrix 
ferrites measured between 0.25 and 0.18 cm. 


Conclusions 


1. Our experiments show that the rate of magnetization switching in ferrites 
of the type used in computer memories is determined primarily by the magnetic 
viscosity. 

2. In investigating the rate of magnetization switching and other short term 
processes the measurements should be made on oscillographs with a very low (5-7 
pf) capacitance, otherwise the shape and duration of the pulses will be distorted. 
The magnetizing pulses should have a very short rise time and the magnetizing 
windings should consist of not more than 1-2 turns. 


3. 
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We investigated the variation of the switching rate of a number of com- 


mercial computer matrix ferrite toroids as functions of the magnetizing pulse 
field and the temperature in a wide temperature range extending from 78°K almost 


to the Curie point. 


We found that the K-132 ferrite is characterized by a strong 


temperature dependence of the switching constant S and that the corresponding 
temperature dependences of K-28, K-65, PP-1, PP-4, PP-5 and PP-24 ferrites are 


considerably weaker. 
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SOME ATTRIBUTES OF FERRITES UNDER PULSE CONDITIONS 
- N.A.Smol'kov & V.F.Belov 


Introduction 


Memories - information storage devices - are fundamental to modern engineer- 
ing cybernetics. Of all such devices, the most reliable, economical and quick- 
-acting are memories based on ferrite cores with rectangular hysteresis loops.1,2 

Magnesium-manganese ferrites, sometimes doped with CaO, ZnO, etc., are ex- 
tensively used in computer memories.3-§ Inasmuch as the external conditions, in 
particular the ambient temperature, under which such devices are operated may 
differ, the variation of the properties of ferrites as a function of the external 
conditions is of considerable interest. 

Albers-Schoenberg’ and Eckert? investigated the influence of temperature on 
the hysteresis loop of Mg-Mn ferrites; Van der Heide et al® studied the tempera- 
ture dependence of the pulse characteristics of Cu-Mn ferrites. In the present 


work we investigated the temperature dependence of the pulse characteristics of 
some Mg-Mn ferrites. 


1. Theory of the pulse characteristics of ferrites 


It follows from the theory of Landau & Lifshits? and Kittell° that the veloci- 
ty of irreversible displacement of the boundary layer (wall) between two domains 
with antiparallel magnetizations is given by 

4 (y?M2 + w? 
p= Am — Ho) (1) 
where M, is the saturation magnetization, y is the gyromagnetic ratio, w, is the 
relaxation frequency, A is the exchange constant, o, is the wall surface energy, 
H,, is the external field and H, is the threshold field at which irreversible 
wall displacement begins and which depends on the internal stresses, the magnet- 
ic anisotropy and local heterogeneities of the material.11-14 

If in Eq.(1) we set v=d/t, where d is the mean wall displacement and T is 

the magnetization reversal (switching) time, we obtain 


1 
Hm — Hy = Sw=; (2) 
where S,, is the magnetization reversal coefficient or switching constant, which 
is described by 
5 o,M ds, 4 
04 0PME+ 0) AS SS) 


It will be evident from Eq.(2) that H, is a linear function Ofnl/ tEetor 
fixed values of H, and S ,15 


2. Experimental procedure 


We assembled the set-up diagrammed in Fig.1 for measuring the magnetization 


switching time. 


Periodically a positive pulse of 10 microsec duration is fed Hue the first 
channel. Then 10 microsec after the end of the first pulse, a similar pulse of 
the same duration from the second 26-I generator is fed into the second channel. 
Since the two pulses at the output of the amplifier have the same polarity, the 
magnetizing windings I and II in the plate circuits of the two channels are 


Fig.1. Block diagram of pulse 
set-up: 1 & 2) 26-I square 
pulse generators, 3) two- 
-channel pulse amplifier, 4) 
ferrite core, 5) SI-1 synchro- 
noscope, 6) rectifier, 7) 
VIK-1 pulse voltmeter. 


Fig.2. H, = f(1/t) isotherms 
for sample No.1: 1) -196°, 2) 
i, Si) PBA GOO ey ates 


0 Q 
200 -100 0 +100 


Fig.3. Variation of the thresh- 
old field H, and switching con- 
stant S, with the temperature 
for sample No.1 
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arranged to oppose each other. Consequently, 
the magnetic fields induced by the windings act 
in opposite directions and are shifted by 10° 
microsec relative to each other. The magnetiz- 
ing voltages in windings I and II are measured 
by means of a VIK-1 pulse voltmeter; a 100 ohm 
resistance is connected in series with each of 
the magnetizing windings. The induced signal is 
taken off the core by winding III and applied to 
the input of an SI-1 synchronoscope. The signal 
trace on the synchronoscope screen is stabilized 
by synchronizing pulses from one of the 26-I 
generators. The switching time was determined 
visually from the width of the trace on the syn- 
chronoscope screen. 


The H,, = f G/T) isotherms obtained for fer- 
rite No.1, which is now being produced commerci- 
ally for computer applications, are shown in Fig. 
2. The dimensions of the core were: height - 

2.4 mm, outside diameter - 7 mm and inside dia- 
meter - 4 mm. As will be evident from the figure 
the H,, vs 1/t curves are linear over a wide 
range. The lower limit of linearity is apparently 
determined by the process of reversible wall dis- 
placement; the upper limit by the rise time of 

the square pulses. 

Extrapolation of the Hm vs 1/t curve to 
the H axis gives the value of the threshold field 
Hy), while the slope of the linear section gives 
the switching constant JS,,. 

The temperature dependences of H, and S, are 
given in Fig.3. It will be seen that both the 
threshold field and the switching constant de- 
crease with increasing temperature; consequently, 


the switching time tT = i at a given H, al- 
m— Hy 

so decreased. Decrease of H, and S,, with increas- 

ing temperature may be explained by reduction of 

internal elastic stresses and decrease of the 

anisotropy constant of the material. 

The temperature dependencesof H, = f (1/t) 
obtained for ferrite No.1 are similar to the de- 
pendences obtained by Van der Heide® for Cu-Mn 
ferrite. 


Fig.4 shows the H, isotherms for ferrite 


No.2 which was prepared by sintering the oxide at 1300° followed by annealing. 


The composition of the ferrite is Mg0O* 3Mn0° 3Fe503. 


ness - 1 mm, outside diameter - 


The core dimensions: thick- 
2mm, inside diameter - 1 mm. 
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The temperature dependence of the threshold field and switching constant 
for ferrite No.2 are given in Fig.5. 

It will be seen that the threshold field for ferrite No.2 has a maximum 
Value at about -117°. This anomaly may be due to the presence of phase transi- 
tions, peculiar to some ferrites. 

It will be evident from a comparison of Fig.2 and Fig.4 that the linear 
region of H,, = f Q/t) for ferrite No.1 extends to lower fields as compared with 
ferrite No.2; consequently, ferrite No.1 should be more economical in operation. 

A report on our experimental investigation of the influence of temperature 
on the hysteresis loops of ferrites Nos.1 and 2 will be published in the Vestnik 
(Journal) of Moscow State University. 
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FERROMAGNETIC SEMICONDUCTORS IN SUPER-HIGH FREQUENCY FIELDS 
- A.G.Gurevich 


Introduction 

One of the principal fields of application of ferromagnetic semiconductors! 
is super-high frequency (hereinafter shf) engineering. Until relatively recently 
ferromagnetic materials were not used in this range. The need for such materials 
arose at the end of the 1940s, when development of shf electronics brought two 
new acute problems: 1) rapid regulation of component parameters and 2) the devel- 
opment of systems not governed by the reciprocity principle. Only through the 
use of magnetized ferromagnetic materials could these problems be solved by simple 
means insuring good stability, an unlimited service life and the capacity to handle 
high shf powers. 

Ferromagnetic metals cannot be used efficiently in the shf range. Both the 
indicated problems can, however, be solved by means of ferromagnetic semiconduct- 
ors with low conductivity, for example, some ferrites. 27 

The introduction of ferromagnetic semiconductors brought a revolution in shf 
engineering. Recent advances in radar, radio relay communications and allied 
fields would be impossible without ferromagnetic semiconductors. 

The present report is a brief survey of the properties of ferromagnetic semi- 
conductors in shf fields with particular attention to premagnetized materials, 
the behavior of which is of great interest from both the theoretical and practical 
standpoints. 


1. Properties of Ferromagnetic Semiconductors in Weak shf Fields 
Ferromagnetic resonance and the magnetic suscepti- 
bility tensor 


If the amplitude of the applied alternating field is sufficiently small, the 
varying magnetization m varies linearly with the alternating field h, i.e., 


m= Yh, (1) 


<> 

where x is the magnetic susceptibility, which does not depend on the amplitude 
of the alternating field but does depend on the frequency of this field and the 
intensity of the constant superposed magnetizing field. In practice, the require- 
ment that the alternating field be weak is not rigid: nonlinearity is generally 
not evinced at alternating field amplitudes of a few oersted or even tens of oer- 
sted. 

The most important attribute of the magnetic susceptibility in the case of 
a magnetized ferromagnetic semiconductor is its tensor character and the effect 
oe GEA Secaltas resonance, i.e., the resonance dependence of the components of 

is tensor on the intensity of the constant field H, or the freaque 

alternating field. rs SE eee 


For a polycrystalline medium the susceptibility tensor must be of the form 


aa K tXa 9 
0 Saag 


where po eg 
L=X—- 4 Noe. Yo=— ye 
with resonance being evinced in the variation of %¥ and y, (Fig.1) 
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The simplest explanation of ferromagnetic resonance is based on the fact 
that the maximum absorption of energy in the material occurs when the energy of 

a field quantum is equal to difference between the energies of the electron spins 
oriented parallel and antiparallel to the field: 


ho = QupH, (3) 


(uz is the Bohr magneton) . 
From the above we obtain the familiar expression for the resonance field 


Y’ (4) 


where e 

ins oe (5) 
here e is the electron charge, m, is the electron rest mass, c is the velocity 
of light and g is the spectroscopic (Landé) splitting factor, which for the elec- 
tron spin equals 2. 

Although the formalism of quantum mechanics has been successfully used for 
constructing the theory of ferromagnetic resonance absorption®»6 | a more effect- 
ive approach proved to be the quasiclassical one, which was first suggested by 
Landau & Lifshits’ and subsequently developed by Kittel8 , Polder” and Hogan’. 
Fundamental in this approach is the classical equation of motion 


ds 
Tp = MX Hore 5 (6) 


here si is the elementary angular momentum and m, is the elementary magnetic mo- 
ment. 

From (6) one can readily deduce the equation for the macroscopic magnetiza- 
tion vector M: 


aM 
ae wal <Here - (7) 


(Eq. (7) can also be derived more rigorously from quantum mechanical considera- 
tions.19) 

H.¢e in (6) and (7) is the total effective field acting on the elementary 
moment; this includes the external field H. Different forms of interaction, 
which in the quantum treatment would be taken into account by appropriate terms 
of the Hamiltonian, in the quasiclassical approach are taken into account by dif- 
ferent components of Herr- 

Let us start by considering the simplest model consisting of a system of 
spins coupled only by exchange interaction and in the absence of an alternating 
field all oriented parallel to the constant field. Then Herr will include the 
external field (constant and alternating) and the effective exchange interaction 
field: 


H oee= Ho + h— dM + gyM, (8) 


where —}M is the Weiss or "molecular" field and qy’M is the effective field 
associated with the additional energy due to nonparallel orientation of neighbor- 
ing spins. ’? pit 

In the case of the model in question the field —}M does not enter into the 
equation of motion. The gy’M field is evinced only in the case of rapid varia-~ 
tion of M in space, for example, at domain walls. Here we restrict our considera- 
tion to a medium magnetized to saturation and uniform oscillations of the magnet- 
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ization, when this term can be neglected. Then the 
Landau-Lifshits equation (7) will contain only the 
external field (both constant and alternating). 

In this case, as a result of integration of Eq. (8), 
it is found that the oscillation of magnetization repre- 
sents precession of the vector M about the direction 
of the static magnetization M, and the natural frequen- 
cy of oscillation is defined by Eq. (4). The motion of 
the end of the vector M in the case of small forced 
oscillations may be regarded as occurring in the plane 
x ; 4 perpendicular to M, and the susceptibility tensor is 

is Xa of the form described by (2) (with y, = 0). 
If there were no losses, the oscillation amplitude 
Ky at resonance would be infinite. In the framework of the 
quasiclassical theory losses can be taken into account 
only phenomenologically: either by replacing the real 
natural frequency by a complex one or by introduction 


Fig.1. Components of of an effective "friction" field, proportional to dM/dt 

the susceptibility into Eq. (7).¢ The two expedients are virtually equiva- 

tensor of a polycrys- lent and (at saturation fields) yield the Ho dependences 

talline ferromagnetic of the susceptibility tensor components shown in Fig.l. 

semiconductor. These resonance type dependences are substantiated by 
experiment. 


Noncompensated antiferromagnetism 


One may well ask to what extent the above results are valid for noncompen- 
sated antiferromagnets ,°3>4 a class of materials that include most ferromagnetic 
semiconductors. In order to answer this question we must consider a more com- 
plicated model12,13, namely, a system of two sublattices with magnetizations My 
and Mg. According to Nee114, the molecular field acting on these sublattices are 


Hy, = — 4,M, — >M,, \ 
Hy, = —AM,—2,Mp. | 
Considering the oscillations of the magnetiza- 
M, tions of these sublattices, we infer that the terms 
M, X\M;, and )}Me2 will enter into the equation of motion. 
The oscillations of the two sublattices will be 
coupled, and there will obtain two modes with dif- 
ferent natural frequencies. 

For the first mode, M, is always antiparallel 
to Mi (Fig.2,a); hence this mode will not be af- 
fected by the 'molecular'' field. The expressions 
for the resonance frequency and the components of 
b the susceptibility tensor for this mode are obtain- 

ed from the corresponding expressions for the fer- 


Fig.2. Precession of magnet- romagnetic model by the following substitution 
ization in a noncompensated 


antiferromagnetic: a) shf My —> My — Moo, 

mode, b) infrared mode. en — — Mip— May | 
6 seri Mig/g1 — Mao/g2 “ 

here S-rr has the simple meaning of the ratio of the total magnetic moment to 


the total angular momentum. Usually i 
: gi is close to g, and differs a i= 
ably from 2 only close to the compensation point.15 fees pee 


(9) 


(10) 
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For the second mode Mi: x M20 (Fig.2,b), and the natural frequency is of 
the order of y(Mio— M20). 


This frequency lies in the infrared range. Resonance 
corresponding to this mode has not yet been detected experimentally, owing to its 
low intensity and probably due to the nontransparency of ferromagnetic semicon- 
ductors in this region of the spectrum. 

Thus in the shf range (except in the regions close to the compensation 
points) a noncompensated antiferromagnet behaves much as a ferromagnet with a 
magnetization equal to the geometric sum of the sublattice magnetizations and a 
spectroscopic splitting factor equal to foff- This fundamental deduction is sub- 
stantiated by calculations carried out for a large number of sublatticesl3,16 


and by extensive experimental data on the behavior of ferrites at superhigh fre- 
quencies. 


Magnetization waves 


So far we have considered magnetization oscillations assumed to be uniform 
in a region small compared with the electromagnetic wavelength No- There may, 
however, exist magnetization waves with wavelengths appreciably shorter than No» 
i.e., socalled spin waves. 10 

In treating spin waves one cannot neglect the gy’M term or the demagnetiz- 
ing fields associated with variation of M in space. Taking these terms into ac- 


count leads to the following expression for the natural frequency of spin waves 
in an infinite medium: 


On = 1 (Ho + Gk?Mo) (Ho + Gh?M, + 4nMysin?6,))*2, (11) 


where k is the wave number and §@, is the angle be- 
tween the direction of propagation and M). 

The w, vs k curves or the so-called spin wave 
spectra for §, = 0 and 6, = 90° are shown in Fig.3. 
The 4, point in the figure corresponds to uniform 
oscillations. For finite bodies, for example, for 
an ellipsoidl7, the spin wave spectrum is different 
and there is degeneracy (coincidence of frequencies) 
of the uniform precession and a whole group of spin 
Fig.3. Spectrum of spin waves. 
waves in an infinite mediun. Spin waves are excited by thermal lattice vi- 

brations. Under certain conditions these are 
coupled with the uniform oscillations and make a substantial contribution to pro- 
cesses occurring at super-high frequencies in ferromagnetic semiconductors. 


Relaxation processes 


Energy transfer in ferromagnetic semiconductors with low electric conductivi- 
ty can be realized only through the intermediary of the crystal lattice. ae di- 
rect interaction of uniform spin precession with the lattice is very weak. It 
can lead to relaxation times tT of the order of 10-1 and not 107-6§-10-9 as actually 
observed. The relaxation time of ferromagnetic semiconductors usually increases 
slowly with increasing temperature. 18 All attempts to explain such low values 
of t and the "anomalous" temperature dependence of T have until recently been 
unsuccessful18 ,19, 

A satisfactory explanation of the observed temperature dependence and order 
of magnitude of t is given by the theory of Clogston et a120, which relates the 
relaxation process with spin waves and magnetic inhomogeneities, in particular 
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ered distribution of the magnetic ions over the lattice sites. Such 
distribution obtains, for example, in inverse spinels. In the presence of Ot ee 
order, uniform magnetization oscillations are coupled with the spin waves, pri- 
marily with degenerate ones, and transfer energy to them. Spin waves with a large 
k, in turn, can effectively interact with the lattice21 and transfer energy to its 
thermal vibrations. 

A qualitative confirmation of this theory is the large relaxation time (nar- 
row resonance peak) 22 observed in yttrium ferrite with the garnet structure in 
which there is no disorder in the distribution of magnetic ions over the lattice 


sites.23 


with disord 


Crystallographic anisotropy 


In zinc crystals the resonance frequency and form of the susceptibility 
tensor depend on the orientation of the constant magnetic field and the permanent 
magnetization with respect to the crystallographic axes. This dependence is sat- 
isfactorily described in the quasiclassical treatment.8,24-26 Through observa- 
tion of ferromagnetic resonance in single crystals27-30 one can precisely deter- 
mine the g factor, as well as the anisotropy constants and relaxation time. 

In the case of polycrystalline materials, as a result of averaging over the 
crystallite, the resonance peak is broadened by an amount of the order of |Ky\/M 
(for a cubic lattice), where Ki is the first anisotropy constant; this broadening 
generally exceeds the intrinsic resonance peak width due to relaxation processes. 
Additional broadening of the resonance peak is caused by the demagnetizing fields 
associated with porosity of the material. The question of the shape of the reson- 
ance curve in polycrystalline material has not been extensively investigated, but 
it is obvious that as a result of averaging there may occur a significant shift 
of the maxima in the Ho dependence of the imaginary parts of the components of x 
It follows, therefore, that measurement of the relaxation time and precise deter- 
mination of the g factor is feasible only in experiments on single crystals. 


Influence of domain structure 


Of great practical interest is the behavior of ferromagnetic semiconductors 
at shf in the region of weak constant fields, where the normal domain structure 
still persists. Essentially averaging over domains in the case of low fields 
means that the role of magnetization in the expressions for the components of x 
will be played by the average (technical) magnetization J,. In particular, the 
magnitude of y,, the susceptibility component that primarily determines the "ac- 
tivity" of the ferromagnetic semiconductor in shf devices11, will be proportional 
to this average magnetization. 

Alternating demagnetizing fields at the domain walls will lead to coupling 
of the magnetization oscillations of neighboring domains, which should give rise 
to two resonances in single crystals with a persisting domain structure. 26,27 

In polycrystalline specimens, the presence of these demagnetizing fields will 
lead to an appreciable broadening of the "natural" (i.e., occurring in the pres- 
ence of an external constant field) resonance. Its limiting frequency®!»32 pe- 
comes 


Omax = y4rM. (12) 


At the usual values of Mo (“150 gauss) the limit wavelength is about 5 cm 
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_ 2. Influence of Sample Shape. Electrodynamics of Media with Tensor Parameters 
—<———— emacs of Media with Tensor Parameters 


Above we have considered primarily infinite media, but the results deduced 
can be applied to specimens of finite size if the susceptibility tensor is re- 
ferred not to the external but to the internal alternating field. Then for the 
case of ferromagnetic semiconductors with low conductivity, in contrast to metals, 
the microscopic problem of determining the parameters of the material and the 
macroscopic problem of taking into account the shape of the specimen separate. 
Difficulties arise only in cases when it is essential to take into account spin 
waves, whose spectra depend on the shape of the specimenl’7. 

For a small (compared with the electromagnetic wavelength) ellipsoid and 
its two limiting cases - a thin cylinder and a thin disk - the problems need not 
be separated: one can, as Kitte18 did, directly integrate the Landau-Lifshits 
equation (7) taking the demagnetizing field into account. There are then readily 
derived expressions for the susceptibility tensor and, in particular, the famili- 
ar formula for the resonance frequency of the external field: 


o = 4 {[Ho + (Nx — Nz) Mo] [Hy + (Ny — Nz) Mo]}, ee) 


where i\,, Vy, and JV, are the demagnetizing factors along the respective ellipsoid 
axes. 

We note that this solution corresponds to uniform oscillations of the mag- 
netizations of the entire specimen. As Walker33 showed, in a small ellipsoid 
there may also exist nonuniform oscillations, not associated (as are spin waves) 
with exchange interaction - so-called magnetostatic modes. They are excited by 
a nonuniform external alternating field and lead to splitting of the ferromagnet- 
ic resonance line, to the appearance of a series of new lines. 34,35 

If the specimen is not a thin plate, thin cylinder or small ellipsoid, its 
shape can be taken into account only by the method of macroscopic electrodynamics 
using parameters found either experimentally or by solving the microscopic prob- 
len. 

Thus there arose the need for the development of methods of macroscopic elec- 
trodynamics applicable to media with tensor permeability. It proved feasible to 
generalize the fundamental theorem of electrodynamics to these media36-38 and to 
solve some problems rigorously39-44, Unfortunately, only a small class of bound- 
ary problems (considerably more restricted than for media with scalar parameters) 
is susceptible of rigorous solution. One can, for example, solve the important 
problem of a regular rectangular waveguide with a transverse magnetized plate43-45 
and the problem of a round waveguide with a longitudinal magnetized rod39-42 , 46, 
However, analysis of even these solutions is cumbersome, particularly if losses 
are taken into account when the parameters are complex. A sufficiently complete 
analysis for practical purposes can be carried out only by means of high-speed 
computers. The first results in this line are encouraging47. 48 

Among approximate methods, only two rather rough ones are now extensively 
used, namely, the method of "unlimited space'’ based on solving the equivalent 
problem of propagation and reflection of uniform plane waves49 ,50 and Pe pase 
of perturbations with a quasistatic approximation of the internal field*~» . 

At present only preliminary steps have been made in the direction of developing 
more potent approximate methods.~~~ 
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3. Ferromagnetic Semiconductors for shf Components 
General requirements 


In addition to development of the pertinent theory and experimental investi- 
gation of the physical properties of ferromagnetic semiconductors at shf, the 
last six years have seen the active development of various devices for specific 
shf engineering applications. The principles of design of such devices are now 
fairly well known (for example, see Refs.56 & 57) and the main problem lies in 
finding semiconductor materials with the requisite parameters. 

The following are the basic requirements set for ferromagnetic semiconductors 
for shf components (except for nonlinear devices which will be considered below): 

1) low electric loss; 

2) low magnetic loss outside the region of ferromagnetic resonance; 

3) high "activity", i.e., a sufficiently large antisymmetrical component of 
the magnetic susceptibility tensor; 

4) good temperature stability (i.e., a high Curie point). 

From the second requirement, in addition to a short relaxation time, for 
polycrystalline materials there follows the requirement of low anisotropy and 
high density of the material, inasmuch as effective anisotropy fields and demag- 
netizing fields associated with the pores lead to broadening of the resonance 
peaks. In certain cases there may be other special requirements: for example, a 
low dielectric constant is an important requirement for certain wide-band devices. 


Materials for the short wavelength part of the shf range 


It is fairly easy to satisfy the above requirements in the short wavelength 
part of the shf range (wavelengths shorter than 5 cm). For example, at milli- 
meter wavelengths almost all ferrites with low conductivity and, in particular, 
Ni-Zn ferrites developed for the radiofrequency range, prove to be suitable. 58 

In the three centimeter range good results (at any rate, at low power levels) 
are obtained with magnesium-manganese°9,60, nickel-copper61,62 and nickel-magnesi- 
um ferrites. 

However, some interesting and difficult problems arise even in connection 
with development of materials for the short wavelength part of the shf range. 
These include 

1) preparation of shf materials with a high saturation magnetization (Ni-Cu 
ferrite dope with Zn is capable of meeting this requirement) ; 

2) combining the above enumerated requirements with low loss in the radio- 
frequency range (tens and hundreds of megacycles) ; 

3) combining good shf properties with rectangularity of the hysteresis loop 
(naturally, for lower frequencies). 

To these problems one can add that of creating materials with a very intense 
and, consequently, narrow resonance line, properties essential for nonlinear devices 
(see below). It would appear that this problem can be solved only by using single 
crystals, which thus become important not only as subjects of experimental inves- 
tigation but as engineering materials. 


Materials for the long wavelength part of the shf range 


With increase of wavelength the difficulties in the way of realizing shf 
ferromagnetic semiconductors increase substantially. At low frequencies there 
is overlapping of the region of "natural'’ resonance with resonance in the extern- 
al field (Fig.4), which procludes operation with low loss in weak constant fields 
If one cannot go over to strong magnetic fields, where the "activity" of the 
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material is low, the solution to the difficulty 
consists in reducing the anisotropy of the materi- 
al and lowering the limit frequency of "natural" 
resonance, to which end, as will be evident from 
Eq. (12), it is necessary to reduce the saturation 
magnetization Mj. This leads to decrease of the 
"activity", but the "activity" to loss ratio 


Bees) | 
ih 
; ® (which might be termed the Q factor of ferromag- 
netic semiconductors) does increase appreciably. 
These considerations led to the development 
of ferromagnetic semiconductors for the long wave- 
length part of the shf range, i.e., materials 
My 
© | 
Hp 


with a low anisotropy and small saturation magnet- 
ization. For example, magnesium and manganese 
aluminate ferrites64 have Mo of the order of 70 
gauss, while magnesium chromite ferrite®5 has My 
of the order of 30 gauss. 

The greatest difficulty in realizing such 
materials consists in combining a sufficiently 


low M, with a sufficiently high Curie point. 
Fig.4. Variation of the loss 


in a ferromagnetic semicon- 4. Nonlinear Processes 
ductor with a constant mag- Rectification, frequency doubling and conversion 
netic field: a) in the short 
wavelength part of the shf At sufficiently high amplitudes of the alter- 
range, b) in the long wave- nating field, nonlinear effects begin to be evinced 
length part of the shf range, in ferromagnetic semiconductors. Some of these 
c) in the long wavelength effects are readily explained by the nonlinearity 
part of the shf range for a of the equation for uniform oscillations of the 
material with low anisotropy magnetization. 
and low saturation magnetiza- Actually, the integral of this equation is 
tion. 

| M |? = const. (14) 


aad a 
This means that the tip of the magnetization 
<n Ba vector moves over the surface of a sphere (Fig.5) 
rather than in a plane, as is assumed in the case 
of small oscillations. It follows therefore that 
with increase in the amplitude in the transverse 
alternating magnetic field, the constant magnetiz- 
ation along the z axis will decrease, i.e., we will 


Fig.5. Precession of magnet- have the effect of detection or rectification of 
ization at high amplitudes the oscillations. 66,67 

of the alternating magnetic If we leave out of consideration the case of 
field. circular polarization of the alternating magnetic 


field when the end of the M vector moves along a 
circumference, we see that with increase of the field amplitude there will appear 
a component of doubled frequency.®8,69 Both these effects - rectification and 
frequency doubling - have been observed experimentally; in fact, in the case of 
frequency doubling excellent results have been obtained: the doubling efficiency 
was as high as 25%.69 

If one applies two perpendicular magnetic fields with different frequencies, 
there will appear components with the sum and difference Orta magnet- 
ization Mz, i.e., we will have the effect of frequency conversion. “» L 
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Amplification and oscillation 
Claere eclaetc tied acl ech endo 


It is known that if a nonlinear reactive component is coupled into circuits 
tuned to the frequencies «1, o2 and ws and if a sufficiently high power at frequen 
cy wi= 02+ 3 is applied to the nonlinear element, there may be realized condi- 
tions for oscillation or regenerative amplification at the frequencies w:, and 
w3, 72 

Such a nonlinear element may be a ferromagnetic 
semiconductor. For the linearity to be evinced most 
sharply at a given power level of the signal with fre- 
quency wi, one must provide conditions of ferromagnetic 
resonance at this frequency and utilize a material with 
a narrow resonance peak, i.e., a single crystal. 

A microwave amplifier or oscillator based on this 


. ~, principle was proposed by Suh173 and realized by Weiss’4. 
cle pe pee A diagram of this device is shown in Fig.6. Power at 
crystal frequency w1 (3 cm wavelength) is applied through the 


waveguide to the ferrite specimen. At a sufficiently 
Fig.6. Ferromagnetic high power there are excited oscillations of frequency 
oscillator or amplifier. @, = 1/2 (6 cm wavelength). At a lower level of the 

»1 Signal power, there occurs regenerative amplification 
at the frequency w2, the amplification factor decreasing with decrease of the sig- 
nal power. This type of amplifier should presumably have a low noise figure. 


Nonlinear losses at high power levels 


Some years ago Bloemberg et al§6 qiscovered nonlinear effects which cannot 
be explained by means of the elementary theory taking into account only nonline- 
arity of the uniform oscillations of magnetization. According to this theory, the 
decrease of y'rcs with increase in the amplitude of the alternating field should 
be proportional to the decrease of MZ. Actually, the decrease of X"reg begins in 

appreciably weaker fields than the decrease of Mz. 

v’ The resonance peak broadens, which indicates in- 
creased losses (Fig.7). At the same time there ap- 
pears a second absorption peak at an Hy value be- 
low the resonance one. These "anomalies" appear as 
soon as the amplitude of the alternating field at- 
tains a certain threshold value. 
It will be recalled that spin waves play a 

Significant role in the theory of nonlinear losses. 
No Owing to nonlinearity, these waves are coupled with 
Fig.7. Losses at high (1) and each other and with the uniform oscillations. At 
low (2) power levels. a certain amplitude of the uniform mode this coupl- 

ing gives rise to an unsteady increase in the am- 
plitude of a certain group of spin waves. Finally, there is established a steady 
state at which the amplitude of this group of spin waves has a very high value 
while the amplitude of the uniform oscillations does not exceed its threshold 
value. The spin waves take up energy from the uniform oscillations and give up 
energy to the crystal lattice. This obviously leads to increased losses. 

This effect apparently occurs in all ferromagnetic semiconductors only the 
magnitude of the thresold field varies in different materials. Very 16a values 
of this field obtain for single crystals with a narrow resonance peak: manganese 
and, particularly, yttrium ferrites!7; the threshold field is low in some poly- 
crystalline magnesium-manganese ferrites?75, High values of the threshold field 
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are one of the prime requirements for materials intended for operation at high 
shf powers. 

Nonlinear coupling of the uniform modes with the spin waves not only ex- 
plains the increase in loss at high power levels but can also be utilized in non- 
linear shf ferromagnetic oscillators and amplifiers. It may be assumed that this 
interesting phenomenon will be evinced in connection with other effects, which 
may be of practical value. 

In general, nonlinear processes in ferromagnetic semiconductors are of great 
interest and may in the future come to play a role of no less importance in shf 
electronics than now played by linear nonreciprocal effects. 
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FERRITES WITH A HIGH SATURATION MAGNETIZATION AND A NARROW RESONANCE 
ABSORPTION CURVE AT SUPER-HIGH FREQUENCIES 
- V.A.Fabrikov, V.D.Kudryavtsev & Z.M.Gushchina 


In recent years research workers have directed their attention to the non- 
linear gyromagnetic properties of ferrites at low and high microwave power levels 
primarily with a view to evaluating their potentialities in the field of super- 
high frequency (hereinafter shf) engineering. 1-5 

The magnitude of nonlinear effects in ferrites is directly related to the 
saturation magnetization and the transverse and longitudinal relaxation times in 
the range of shf. Procedures for determining the longitudinal relaxation time 
T, are now in process of development. As for the transverse relaxation time To, 
this quantity is directly related to the width AH of the resonance curve charac- 
terizing the absorption of microwave power as a function of the applied magnetiz- 
ing field. There are a number of techniques for measuring the width of the reson- 
ance absorption curve of ferrites; one of them is described below. 

In view of advances in the practical utilization of nonlinear gyromagnetic 
effects, the development of ferrites with a narrow resonance absorption curve at 
shf has become particularly important. The development of such ferrites is also 
of interest from the standpoint of conventional "linear" applications of the 
materials in resonance rectifiers and other ferrite devices intended for opera- 
tion in the lower range of super-high frequencies. ® 

The significance of the parameter AH for characterizing microwave ferrites 
operating under conditions where the magnetizing fields are close to the reson- 
ance value has been extensively treated in the literature and is well illustrated 
by the results obtained for nickel-copper ferrites by the present writers.’ The 
narrower the resonance curve of the material, the higher the reverse-to-forward 
loss ratio (rectification ratio) attainable in the rectifier employing the given 
material. 

The width of the microwave power absorption curve is determined by the ef- 
fective magnetic crystal anisotropy field of the substance and the local demag- 
netizing fields arising at heterogeneities and defects. 

At present it appears to be feasible to prepare mixed ferrites with a very 
low magnetic anisotropy. By the addition of cobalt ferrite which has a high 
positive anisotropy constant (Kj = 4-106 erg/cm3) to ordinary ferrites with a 
small negative anisotropy (for nickel ferrite, for example, ag = -5-104 erg/cm3) 
one can reduce the resultant value of K, to virtually zero.8,9 Another way of 
reducing the effective anisotropy fields of ceramic ferrite materials is through 
increasing their relative density, i.e., the apparent density of the sintered 
material divided by the theoretical density. The latter is caiculated from x- 
ray diffraction data. In sufficiently dense materials the influence of internal 
demagnetizing fields on the width of the resonance absorption curve is negligible, 
whereas in the case of loose or porous materials this broadening factor is sig- 
nificant.1 

Ferrites containing small amounts of copper are characterized by a high rela- 
tive density; in particular, Ni-Cu ferrites combine a high density (0.97) with 
a high saturation magnetization (M ~ 3000 gauss). Replacement of a certain per- 
centage of the bivalent metal in the ferrite by copper makes oie possible to ob- 
tain ceramic specimens with a high density by prolonged sintering at eg ea te 
100-200° lower than those specified for the given ferrite without copper. To 
a certain extent the CuO introduced into the initial batch acts as a flux. At 
1026° this compound decomposes, transforming into Cug0 which has a melting point 
of 12359. The presence of this low melting point oxide in the batch greatly in- 
creases the reactivity of the mixture, which makes it possible to reduce the 


Fig.1. Variation of the 
width AH of the reson- 
ance curve of ferrites 
having the composition 
Nij-Cu,Fe}, 9Mno 9204 
with the copper content. 
Spherical specimens 
0.6-0.8 mm in diameter 
sintered for 20 hrs at 
1100°. 


Fig.2. Variation of the 
width AH of the reson- 
ance curve of ferrites 
having the composition 
(Nig, gCuo, 9) 1-x0°,Fe] 9 
Mno , 994 with the cobalt 
content. Spherical 
specimens 0.6-0.8 mm in 
diameter sintered for 20 
hrs at 1100°. 


OH, Oe 


800 


400 


500 1000 


- 360 - 


sintering temperature and thus favors attainment of a 
high degree of uniformity and density of the sintered 
specimens. 

We investigated a series of Ni-Cu ferrites doped 
with manganese (added to increase the dc resistivity of 
the materiall2) and cobalt. The ferrites were prepared 
by sintering compacted mixtures of the metal oxides at 
900-1100° in air. The roasting time was varied from 5 
to 20 hours. 

We measured the saturation magnetization, density, 
resistivity and width of the resonance absorption curve 
at a frequency of 9350 Mc and determined the operating 
characteristics of the ferrites in rectifiers of the 
resonance type in the same frequency range and the micro- 
structure of the material. Our experimental values for 
the saturation magnetization, relative density and re- 
sistivity are in agreement with the data of Van vitertll 
for Ni-Cu ferrites. 

The results of our ferromagnetic resonance measure- 
ments, carried out using spherical samples in a rectangu- 
lar cavity, are shown in Fig.l. It will be evident that 
the width of the absorption curve is strongly dependent 
on the copper content. The minimal width of the reson- 
ance curve was obtained for the Nio,gCuo, oFe), 9Mnp 9294 
ferrite sample sintered at 11009; this minimal value of 
4H is ~260 oersted, which corresponds to a transverse 
relaxation time Tg = 4.10-10 sec. Further decrease of 
AH can be obtained by reducing the crystal anisotropy 
of ferrite compositions with a negative anisotropy con- 
stant through the addition of some Co ferrite. The in- 
fluence of admixtures of Co ferrite on the width of the 
resonance curve of Ni-Cu ferrite is shown by the experi- 
mental curve of Fig.2. 

The variation of the width of the resonance curve 
of the Ni-Cu ferrites with the sintering temperature is 
shown in Fig.3. 

When used in a waveguide rectifier, ferrite compo- 
sitions with the narrowest resonance peak are character- 
ized by a very high (over 125) attenuation ratio for 
waves propagated in opposite directions. ” 

As regards microstructure, all the Ni-Cu ferrites 
may be divided into two groups. Ferrites in which less 
than 14 mole percent of the nickel is replaced by copper 
have the usual fine-grain structure with an average grain 
size under 104. When over 14% of the nickel is replaced 
by copper, the average grain size rapidly rises to 45- 


55 uw. Typical micro- 


«-Fig.3. Variation of structure photographs 
AH of ferrite with are reproduced in Fig. 
the composition 4; the variation in 
Nig gCug, 2Fe) gMng 9904 grain size with copper 
with the sintering content is shown by 


joo temperature. curve I in Fig.5. 
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Fig.4 Figed 


Fig.4. Characteristic microstructures of ferrites having the composition 
Nij-xCu,Fe, oMng,9204 revealed by 10 min thermal etching of the microsec- 
tions at 1100°; a) x = 0.135, b) x = 0.165. Magnification 600 x. 
Fig.5. Variation of the average grain size (I) and the dc resistivity 
(II) with the copper content x in ferrites having the composition 
Nij-xCu,Fe,,9Mng 9904. Curve II taken from Van Uitert1l. 


Experimental equipment and procedure 


A. The width of the resonance curves was determined at a frequency of 9350 
Mc by a procedure based on the same principle as the technique developed by Kip 
& Arnold}3, 

The experimental apparatus consisted of a balanced and matched twin T-bridge, 
one of the arms of which comprised a TEo1g rectangular cavity. The spherical 
specimen 0.5-1 mm in diameter was cemented to the back wall of this cavity. The 
opposite arm of the bridge terminated in an adjustable short-circuiting piston; 
the other two arms of the bridge were appropriately coupled to a klystron and a 
detector. The output signal from the detector was applied to an oscillograph. 
The klystron frequency was modulated by an audio-oscillator. The cavity with 
the ferrite specimen was mounted between the poles of an electromagnet with the 
direction of the magnetizing field perpendicular to the microwave magnetic field 
vector. The strength of the magnetizing field was varied from 0 to 4000 oersted 
by means of an autotransformer; the field strength was monitored by reading the 
de current. 

A twin T-bridge with a short-circuiting piston in the arm opposite the load 
arm is the usual arrangement employed in measuring large standing wave ratios at 
the output of resonators with weak coupling and similar devices. 

First the position of the short-circuiting piston is adjusted so that at all 
frequencies differing appreciably from the natural frequency of the resonator, the 
power at the detector will be near zero. Then sweeping the klystron frequency 
over a range close to the natural frequency of the resonator, one obtains the 
resonance curve of the cavity on the oscillograph screen. The amplitude of the 
signal on the screen is nearly proportional to the square of the loaded Q of the 


cavity: 
; aa 2 Or 
A~ IT = (ae) =(r078) = (2%), 
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where I’ is the reflection factor, s is the standing wave ratio at the output of 
the tuned resonator, (ois the natural, Q, the external and Qr the loaded Q of 
the resonator. Q, is taken as the Q value for the resonator with zero magnetiz- 
i ield. 

ai een as the specimen is located in an antinode of the magnetic field in 
the cavity, the microwave power loss in it is proportional to the imaginary part 
of the effective magnetic permeability of the material, which in the region of 
the ferromagnetic resonator is close to »” + k”; here »” and k” denote the imagi- 
nary parts of the diagonal and nondiagonal components of the magnetic permeability 
tensor. The variation of 1/Q;, as a function of the external magnetizing field 
acting on a spherical specimen represents the resonance curve of the material. 

The relation between the transverse relaxation time Tg and the width 4H of the 


resonance peak (in oersted) measured at half-height is 


BS) Se ’ 


where y is the absolute value of the gyromagnetic ratio for electron spin (1.8-107 
oersted/sec). 

As Spencer & Aultl4 have shown, taking into account the difference between 
the "external" and "internal" gyromagnetic parameters of a spherical specimen has 
little effect on the width of the resonance curve. The divergence between results 
obtained with spherical specimens of different diameters in the range from 0.6 to 
1.0 mm did not exceed 10%. The ferrite spheres were prepared by the procedure de- 
scribed by Bond19, 

B. The microstructure of the ferrites was investigated using microsections 
polished on a rapidly rotating cloth-covered disk by means of a water suspension 
of chromium oxide. To bring out the grain boundaries we used the thermal etching 
procedure of Johnston & Palmer!§, polished samples measuring 3 x 1 x 1 mm were 
inserted into a Mars furnace preheated to 1000-12009. After 10-15 minutes heat- 
ing the samples were extracted from the furnace and cooled to room temperature in 
air. The microsections were examined and photographed on an MIM-6 metallographic 
microscope. 

We wish to thank A.A. Pistol'kors for helpful guidance in the work. 
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SOME PROPERTIES OF FERRITES AT SUPER-HIGH FREQUENCIES 
- N.A.Smol'kov & E, I. Fomenko 


Polder! in his theoretical treatment of ferromagnetic resonance showed that 
a high frequency linearly polarized electromagnetic wave in traversing a magnet- 
ized medium must be resolved into two waves: one with negative (counterclockwise) , 
the other with positive (clockwise) circular polarization; the propagation con- 
stants of these waves must be different. Consequently, after passage through a 
magnetized medium, the plane of polarization of the emergent linearly polarized 
wave will be rotated through a certain angle @ relative to the plane of polariz- 
ation of the incident wave, i.e., there will obtain the Faraday effect familiar 
in optics. 

Roberts? and subsequently Hogan? substantiated the existence of the Faraday 
effect at super-high frequencies in ferrites experimentally. 

Fig.1 shows the variation of the angle of rota- 
tion @ with the external field H for a cylindrical 
specimen of magnesium-manganese ferrite (Mgo, 75Mno, 95 
Feo04) as recorded by means of the waveguide set-up 
and procedure described in Refs.4 & 5 at a frequency 
of 9350 Mc. As will be evident from the figure, with 
increase in the field strength, the angle o at first 
increases, then decreases in the region of ferromag- 


a SS Se netic resonance and changes sign at the point of reson- 
: ance. Further, after passing through zero, it increas- 

Fig.l. Variation of the es in absolute magnitude and again after passing 

angle of rotation of the through a peak negative value decreases in magnitude. 

plane of polarization of In many cases the @ vs H curve exhibits an anom- 

an electromagnetic wave aly: there appears a dip in the curve due to so-called 

with the intensity of the volume resonance connected with increase of the dielec- 

applied magnetic field tric loss.° The @ vs H curve for magnesium-nickel- 

for Mg-Mn ferrite at a -manganese ferrite shown in Fig.2 illustrates a case 

frequency of 9350 Mc. of volume resonance, in this case preceding the ferro- 


magnetic resonance. Naturally, there is absorption 
of the wave power in the region of volume as well as 
of ferromagnetic resonance, i.e., the emerging wave 
is attenuated. Fig.3a shows the attenuation produced 
by a specimen of Mg-Ni-Mn ferrite in a waveguide; 
Fig.3,b shows the variation in the ellipticity of the 
transmitted wave with the applied field. It will be 
evident that the ellipticity curve exhibits a minimum 
in each of the resonance regions. 

It will be evident that over its initial section, 
i.e., far from the region of ferromagnetic resonance 
the vs H curve follows the usual M vs H curve, i.e., 


H, kOe that » is proportional to the magnetization M. Actual- 
Fig.2. Same as Fig.1 but ly, theory3 gives the following relation for the ini- 
for Mg-Ni-Mn ferrite. tial stages of the process; 
i + "2 
= 5 (ELS) [40M yy]. (1) 


where / is the length of the specimen, ¢ is the velocity of the light in vacuum, 
> = s’— is” is the complex dielectric constant, M is the magnetization in the di- 


2 oS 


rection of propagation of the wave and y is the gyromagnetic ratio. 
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Fig.3. Field dependences of a) the attenuation § and b) the ellipticity d for 
Mg-Ni-Mn ferrite at 9350 Mc. 


MnFe,0,, mole % 


60 100 
MgFe,0,,mole % 


Fige4 Fig.5 
Fig.4. Same as Fig.l but for different solid solutions: 1) MgFe.0,, 
2) M&o.gMng_ 2Fe204, 3) M&o.6Mno, 4Fe204, 4) Mgo, 4Mno, gFe204, 5) 
MEQ oMNg gFeo04, 6) MnFeo0,. 
Fig.5. Variation of @ with the composition of ferrites for H, = 
= 460 oersted at different temperatures: 1) 23°, 2) 160°, 3) 300°. 


Inasmuch as the values of « differ little for different types of ferrites’, 


differences in the H dependence of over the initial section of the curve will 
be determined by differences in the field dependence of M, which does differ for 
different ferrites. Thus, for example, the saturation magnetizations are 145 
and 360 gauss, respectively, whereas the values of c’ for \ = 6.6 cm are 8.53 
and 9.30, respectively. As for «”’, its values are only 0.32 and 0.475, respect- 
ively, so that the influence of the imaginary part of the dielectric constant can 
be neglected. Consequently, m must increase for MgF e20 4-MnFeo04 solid solutions 
with increasing manganese ferrite concentration. This has been ‘substantiated by 
experiment. Fig.4 shows the @ vs H curves for MgFe20 4-MnFe504 solid solutions. 
The specimens in these experiments were 5.5 mm diameter cylinders, 60 mm in length. 
As is known, the magnetization decreases with increasing temperature; conse- 
quently, m must also decrease with rising temperature. Fig.5 shows isothermal 
curves for @~ as a function of the composition of MgFe204-MnFe904 solid solutions 
at a constant value of the applied field (460 oersted). It will be seen that in 
general @ decreases with increasing temperature. True, there is some deviation 
from the general rule for 100% MnFej04; this may be explained either by increase 


of « or by variation of the anisotropy constant K, which determines the internal 
field in the ferrite’. 
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NONLINEAR GYROMAGNETIC PROPERTIES OF FERRITES AT LOW LEVELS OF SUPER-HIGH 


FREQUENCY POWER 
- V.A.Fabrikov & E.G.Ritter 


Introduction 


At super-high frequencies the electrodynamic properties of a magnetized fer- 
rite are described by the equation of motion of the gyromagnetic moment = the 
magnetic field, which was first treated in detail by Landau and Lifshits. Pol- 
der's2 linear approximation solution to this equation has become the foundation 
of a tensor description of the magnetic characteristics of ferrite media in the 
microwave region. The linear gyromagnetic properties of ferrites, given by Pol- 
der's tensor, are widely used in microwave engineering. The theory of gyromag- 
netic waveguide devices employing ferrites has been fully developed. 

The first studies of nonlinear gyromagnetic properties of ferrites were 
undertaken in connection with experimental determinations of the longitudinal 
spin-lattice relaxation time.3,4 The experimenters measured the change in the 
de magnetization along the applied magnetizing field under the influence of high- 
power microwave pulses. 

Sakiotis, Chait & Kales® and Clavin® studied the nonlinear character of the 
energy loss as a function of the microwave power in circular and rectangular wave- 
guides containing magnetized ferrites. Ayres, Vartanian & Melchor’ demonstrated 
the possibility of frequency doubling by means of ferrites and subsequently built 
a working model®. In the first of their papers they suggested that electromag- 
netic oscillations of different frequencies can be mixed in ferrites; this is 
feasible in principle because the magnetization equation contains terms nonlinear 
in the variables. Earlier one of the present authors? investigated power ampli- 
fication of a weak microwave signal by a modulated gyromagnetic medium. 

We consider below the problem of mixing oscillations of different frequen- 
cies in a gyromagnetic medium and present some results of an experimental study 
of the nonlinear properties of ferrites at low levels of super-high frequency 
(shf) power. 


Amplitude of Magnetic Oscillations Excited in a Gyromagnetic Medium by an 
Arbitrarily Polarized Super-High Frequency Field of Two Frequencies 


The equation of motion of the gyromagnetic moment in a constant (dc) magnet-— 
ic field Hk and an alternating arbitrarily polarized field h = hyeit + hy yeimet 
is here solved in the second approximation in the small variables (see aependa 
We write M= Mjk+m, where Mo is the component of the magnetic moment 
along f/, in the absence of the exciting alternating field. Then the solution 
can be written (in MKS units) in the form 


6 : 
LY, (k) 


Se) (K) pie pt ee : mi) 
LE aaa Vie Maa Wh ial fade vee tee: (1a) 
k=0 
Ss! Ae . ey (1b) 
ms = — Y) —~q (clout — ed), 
k=0 LO), +- T 


Js k F Ie : i F ~ co ; 
i : ‘ Bi ; ib yee 
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a) = : = oe 
QR Os Ot Ok Ooo oe 
res k T. res alee = T. 
(eee 24,6) 
4 
1.2 = T. + ly. (2c) 
The F\) coefficients are given by 
Poly * 4 
Fo) = a {{m7h,,] — [mh" |}, 
FO) = ©, [khjo!, 
Fo) = ll (myo) + fmyheol), 
. Moly . a a 
F® — : {{m,h,,] + [m,h},]}, 
FC+4) — fo [m, hyo] 
(vis, 1.2), 


The expressions for the quantities 


(My )x,y = Or [a (Pv) se,y aE ID (hyo)y ze] 
(He). == 0 (Che) 


can be taken as the linear approximation of the oscillations induced in the gyro- 
Magnetic medium by alternating magnetic fields h, and hy. 

The solution is given symbolically in complex form. We denote by A* the com- 
plex conjugate of A. For convenience we have used the notation 


4 

= : = : Of res C cea iNG 

On = Pol | Mo; Oz = Uol | Ho; OF, =o? 72 Oo 0; O34 =O +O.) 05.6 = 2019; 
3) 


k is the unit vector along the z axis, 7, and 7, are the longitudinal and trans- 
verse relaxation times and determine the dissipative term in the equation of 
motion of the magnetization, y, = 4n-10-’ H m-1 is the magnetic permeability of 
vacuum, and ith is the modulus of the gyromagnetic ratio, and for electron spin 
equals 1.78°1011¢ kg-l, Each of Eqs.(1) contains seven harmonics of the steady 
oscillations induced in the gyromagnetic medium by the alternating field of fre- 
quencies w, and ,, as well as exponential terms describing transient processes 
decaying with time constants 7, and 7,. The free oscillations of the transverse 
components of the magnetization are characterized by the natural frequencies + sz. 
The fact that (1) contains harmonics of the sum, difference and product of 
the frequencies means that a gyromagnetic medium is in general nonlinear and can 
be used to mix the two signals. There exist no higher-order harmonics in (1) be- 


cause in the first approximation we have neglected the difference between MM, and 
M,.- 


Experimental Observation 
of the Difference-Frequency Separated at the Ferrite Specimen 


We investigated the feasibility of discriminating the modulation envelope of 
two close frequencies by means of the apparatus diagrammed in Fig.1. 

The measurements were made with 3 cm waves on a polycrystalline specimen of 
-Ni-Zn ferrite with a saturation magnetization M, = 256 000 amp/m. The half-width 
of the resonance curve for the material was 24 000 amp/m, which corresponds to 
T, = 1.9-10-10 sec. The ferrite specimen 3.8 mm in diameter and 16 mm long, was 


mounted in an opening cut in the center of the wide wall of the waveguide and 
stuck out 8 mm. This projecting part of the specimen was circled by the coil 6 
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of a resonance circuit tuned to 30 me. The 
coil consisted of 14 turns 10 mm in diameter 
and had a Q of 20. The coil was coupled 
through the video attenuator 13, amplifier 
12 and vacuum tube detector 10 to the oscillo- 
scope 11. The noise level of the amplifier 
was low enough to permit observation of sig- 
nals of the order of 4 uv. 

The section of the waveguide containing 
the specimen was located between the poles of 
an electromagnet capable of producing fields 


Fig.1. Experimental set-up for ranging from zero to 280 000 amp/m along the 
determining the longitudinal re- axis of the winding. The oscillations were 
laxation time in ferrites: 1) excited in the waveguide by two klystrons (1 
klystron, 2) calibrated attenu- & 8). To obviate intercoupling of the kly- 
ator, 3) crystal detector, 4) strons, ferrite rectifiers’ were inserted in 
magnet, 5) ferrite specimen, 6) the channel. The power inputs (Pj and Pg) of 


coil, 7) resonance rectifier, 8) the klystrons to the specimen were regulated 
klystron, 9) modulator, 10) vacu- by attenuators (2). The signal from one of 
um tube detector, 11) oscillo- the klystrons was modulated. For monitoring 
scope, 12) 30 Mc resonance ampli- purposes a crystal detector? was inserted at 
fier, 13) calibrated video attenu- the end of the line. 
ator. When the ferrite specimen was magnetized 
while the frequencies of the two klystrons 

differed by 30 Mc, the oscilloscope screen showed the envelope of the modulated 
oscillations. The optimum value of the magnetizing field close to resonance 
(H, ¥ 240 000 amp/m) was found experimentally. The signal trace was observable 
within the range of P] to Pp ratios (up to 30 db) attainable in our experiment, 
so long as 

(P1°P2) oxp> 5-1078 w2 (4) 
and it was found that the signal amplitude was proportional to the product of Pj 
and Po (Fig. 2). 


2, db: P,, db 


Comparison of Theory and Experiment 


Of course inequality (4) reflects no internal 
restrictions peculiar to the material. The value 
5+10-8 w2 is determined simply by the sensitivity 
of the apparatus. Relation (4) can be derived theo- 
retically by using the expression for the z compo- 
nent of the difference-frequency magnetization os- 
cillations (Eqs.(1b) and (3)). The potential in- 
duced in the detecting coil by this alternating 


a ae a a ee, magnetization m,(4) is 

Pdb 
Fig.2. The power P3 of the Ui = 
difference-frequency sig- bs nial ce tai S3 
nal as a function of Pj where Sj» is the cross sectional area of the ferrite 
and Pg: 1) Pp as a func- rod, and nis the number of turns. Inserting the 
tion of Pj, with P3 con- experimental values into (5) and setting 7T,=—T, = 
stant, 2) P3 as a function = 1.9-10-10 sec, we find that for the vostusnds 


of P,, with Pp constant. field value H,=/» | |, when 


= 300 0— 


m@) Oy Ho | ¥ | Tehihe 
(4) = 


Vee 2 : 
2 V (1 — We)? + pe 
the induced potential is 


Ure—TA Rhea: 


A= 0,27 af mV (6) 


U=BY P,P, 


Be 18.6 mV WwW (7) 


or 


h2 
(assuming that Po TMs, » where v~2-108 m/sec is the propagation velocity of 


the energy, and S, = 2.3 cm® is the cross sectional area of the waveguide). An 
amplifier sensitivity of 4 uv allows of observing a signal on the oscilloscope 
screen provided 


(Pa°Po) a oe 7:1078 yw, (8) 


The difference between (4) and (8) lies within the limits of error in evalu- 
ating the quantities entering (5). 


Conclusions 


1. The nonlinear properties of ferrites at low power levels are described 
with adequate accuracy by the equation of motion of the magnetization. 

2. It would be of interest to study the possibility of utilizing nonlinear 
gyromagnetic effects at low microwave power for the purpose of experimental de- 
termination of the longitudinal (spin-lattice) relaxation time in ferrites. 

The authors express their gratitude to A.L.Mikaelian for helpful discussions 
of the results obtained. 


Appendix 
A. The equation of motion of the magnetic moment 
M=M,k+m (1) 
in the magnetic field 
We Heh = Aiphone oe (2) 
may be written (in MKS units) 
d 
ae = Bo Ny Hk [Mp (hi + bo) — Hom)] + [m (hi + h,)} —R, (3) 


where 
mM». My 


; ; (4) 
ROE 


NG: 
+k ie ‘ : 
is the dissipative term in the form proposed by Bloch10, y= 3, = — 60-89-10" C ke 
is the effective gyromagnetic ratio for the magnetic ions of the crystal lattice, 
e and m are the electron charge and mass, and g is the Land@é factor, equal to 2 
for electron spin. The other notation is the same as above. 
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B. If we use the symbolic complex notation, the second term on the right in 


(3) may be written 


A ‘ 4 
= [m (hs + hf + ha) + fm*hs] (5) 


4 
when we recall that Red =5 (A+ A"). 
In the second approximation in the small variables m and h, we may replace 


the m; in (5) by expressions of the form 


(6) 


ig ee Gk Pak + Milign (k=, y, 2) 


where ,:) is the magnetic susceptibility tensor of the medium for the frequency 
©,, as given by the first approximation. We have2-4 


H M 
Xi eons Mi 


res 
(ie, + 73) 
Oven Teg (7) 
ee xf? =— ik = 
o Be Oe laa 
Mp = xP =0 


where 
®, =olY) Ao, 
Oy = Pol ¥| Mo (8) 
2 
Ores= OF + pa. | 
Inserting (6) into (5) and then (5) into (3) and collecting all terms with 
equal time dependences (i.e., with the same exponential), Eq.(3) becomes 


6 
dm = Oy [km] — >} Be OK! == PR (9) 
k=0 
Here we have used the following notation for the various frequencies: 
®) = 0, @3 = @1 + Op, 
COOH Og = 1] — Wo, 
@9/— @5 = 20), Ou 


Og = 2s, 
the corresponding effective amplitudes of the exciting field are 


2 
Hol ¥| 


(0) aos *,* tooks * 
PY = 1 (xq Prog lroz — yy oxy92 + Xahyg yRooz 


+ teh soscho2) — 


aad (a onPine ae ik Pi oy oz a A2lgox loz —ihghyoyhyoz) + 
+k Orie iog Go ik Picu oy we cel oe ao ino Ra ox-t 
a 1aPagelocy =| ikahyg yl ooy + Xalyoy Poor + thehoo,. 39x03 
FO) — _ On (thy oy == Win): (11b) 
204 — Jraoxc)s (llc) 


(lla) 


F®) = — ayy (ih 


10x!*29z 
+ xy oyhoo2) — I (Xalgqx/192 — thal soy yo2 + X1hy qx 


20z (lld 
— Uethyoylgo2)+ k (Xeho9.M4 oy — thahooylagy — Ugh, 9x— : 


= Xa you laos + Xr osMooy — tkphyoyhooy — th Ry oschoqx — Aah yoyltoox)s 
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2 
Holy | FO — NG seca ge ikgh Pogx!ygz 1 ith oxy 202 
a Yayo 42392) — J Ghana! woz + ik; aloe 1oz + Xalapa 202 (lle) 
— tkyh tou heo2) +k (gh ao” roy + tk gat Xo 2Poouhtos ty 
ate ikshy 10x19 + XI ox hooy — iby gyPsoy— ik hy yah sox + X12 yoyPoox)s 
2 
vo | Y l FO) — i (iki h, 9/4 97 4- LAR yoyh 1) ae j (tkrh yoy hyo2z — (11) 
— ¥1hyo3x%y92) — kta (oo. oi Lae) 
2 re | 
vol Yl F(6) — j eer Paella? + ] (ik, st Pog (11g) 
—ahgoxyqz) — Kikea(hg og + hgy)- | 
C. The vector equation (9) can be replaced by the two equations 
dm,. m,. = (k) 2@xt 
i —O_m,— ) fee ; 
3 k=0 
(12) 
dm m al gn) oot 
ae = —7 + opm, — 3 FC de 
k=0 
and the equation 
Lee eS FM ¢ ie (13) 
dt 
E=( 
The general solution of an equation of the type 
dy 
a t+ Py =) 
is of the form 
vacua { \ ower : np 
0 
where Yyo=¥ Ir 
Using this solution,we readily find that 
ne ( 1@ >t eo 
Oat dl SeaEe Wh aes: Ti) (14) 
k=0 1@;, + T 


Eqs. (12) are easily solved by the method of superposition. A particular 


solution is 
6 


1 k) 10x 
MENT > me ye ‘ (15) 
#=0 


Inserting (15) into (12) and collecting terms with the same exponentials, 
we find that 


Do k k 
(Fe tio.) mW) =—o, mK) — FU) , 


(7 fia,) Qa oi, mO — FO, (16) 


(k =0, 1, 2,3, 4,5, 6) 


= 3125 


so that , (0 ees 
: On Fy a 
ree se ee 
mi) = i 5 ROE 2 a. paar 
Oh On ary “costs i (17) 
{ ony - 
é | p(k) 
ns pa bo ASR tra ae 
m = — oO ©, 
¥ ; k 2 2 ; — 
ares On bhapry alee Pet Aas 
The general solution of the associated homogeneous set of equations is 
m= Aye" + Aze™ , (18) 
My = iA yer! —iAse™ , 
where a) 
1 : 1 
3 
We now determine the constants of integration 4, and A, from the condition 
that m,=m,=0 at t=0. Then the general solution of (12) becomes 
: yy ) k k) 1+ (k 
m= | [m(t) ein! Pm =m ot = me a8 imy erst 
6 (kK) Sekt yy (*) (-) «20) 
ae a (k) i@xt ms -- un... oF im,“ —™M, rat 
m,, = m Se Se ees —_—____—__—. € 
sie 2 a 2 


Each of the terms on the right in (14) and (20) can, of course, be consider- 
ed separately as one of the harmonics of the steady-state oscillations or as a 
free component that is attenuated in the transient stage. 
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ELECTRIC PROPERTIES OF MAGNETODIELECTRICS AND FERRITES 
- L.I.Rabkin & Z.1I.Novikova 


Introduction 


Inductance coils with magnetic cores are designed so that most of the mag- 
netic flux induced by the current flowing through the windings passes through the 
core, while the electric field in the region of the core is kept to a minimum. 

In order to evaluate the electric properties of magnetic cores fabricated of semi- 
conductor ferromagnetic materials (ferrites or magnetodielectrics [molded dust 
dores consisting of a magnetic powder and a binder]) on the Q of the coil, one 
must know the electric properties of the core material. With this in view we in- 
vestigated the electric properties of a number of ferrites and magnetodielectrics. 


Electric properties of ferrites 


We studied the electric properties of a number of mixed nickel-zinc ferrites 
with different values of initial permeability. The technical designations, compo- 
sitions and other characteristics of the investigated ferrites are listed in 
Table 1. The samples were prepared in the form of rings with an outside diameter 
of 3.1-3.2 cm, a radial thickness of 0.26 cm and a height of 2.0-2.2 cm and were 
suitable for both electric and magnetic measurements. The loss tangent tan § and 
the dielectric constant € were measured on an equal-arm impedance bridge with a 
parallel equivalent circuit. Silver electrodes were applied either by the conven- 
tional ceramic firing procedure at 700-800° or chemically. 

Table 1 
Compositions, sintering conditions and magnetic properties of 
the investigated nickel-zinc ferrites 


Composition, mole % Sinter- 


} 
j | Curie 
Ar skis: ing 4.| Minit. | point, 
lesignation NiO ZnO | Fe,0, ee | on 
H 3 
NIs-I 15 35 50 4270+10} 1300—1500 80 
NTs-IlI 19 32 49 1160+10} 380—400 110 
NTs-III 16.4 37.4 46.5 |1280+10] 130—150 170 
NTs-1V 18 42 40 1300-410 68—73 — 


Holding time at indicated temperatures - 4 hrs, {N & Ts are the 
initial (Russian) letters for nickel and zinc. 


All the investigated ferrite samples were characterized by a relaxation re- 
gion of the loss tangent and dielectric constant. The frequency dependences of 
tan 5 at room temperature for the four Ni-Zn ferrites are shown in Fig.l. At 
room temperature only the NTs-I ferrite, which has an initial magnetic permeabili-= 
ty of 1500 gauss/oersted, has a maximum in the tan S vs f curve; with increasing 
temperature this tan § maximum increases in height and shifts to the SEE of high- 
er frequencies (Fig.2). At higher temperatures, all the other investigated fer- 
rites also exhibit maxima in the frequency dependences of tan 6 (Figs.3,4 & 5). 

The dielectric constant of our polycrystalline ferrites begins to increase 
sharply with temperature in the region where tan 6 passes through the RENE 
(Fig.6,a & b). At high frequencies the dielectric constant is virtually independ- 
ent of the temperature (Figs.7 & 8), while at low temperatures € varies little 
with the frequency. The overall range of variation of the dielectric constant 
is, however, very large. With increasing frequency ¢ monotonically decreases, 


= 3(4e= 


2 Z ST a 
10? 104 10° f,cps 10 10 10° f, CDS 


Piped Fig.2 Fig.3 
Fig.1. Frequency dependence of tan § at 20°C for ferrites: @- NTs-I, 0 - NTs-II, 
X - NIs-III, + - NTs-IV. 
Fig.2. Frequency dependence of tan § of NTs-I ferrite at different temperatures. 
Fig.3. Same as Fig.2 but for NTs-II ferrite. 
tan 6 


PTET 


13 


hf 


10? 104 10° f, cps 


10? 104 Rah TASS: 


Fig.4 Fig.5 
Fig.4. Same as Fig.2 but for NTs-III ferrite. 
Fig.5. Same as Fig.2 but for NTs-IV ferrite. 


at first rapidly and then as the frequency is increased above 100 kc, much more 
slowly and asymptotically approaches a constant value. 

The frequency dependences of tan § and € of Ni-Zn and Mn-Zn ferrites with 
close values of magnetic permeability (u = 2200 and 2110, respectively) are com- 
pared in Fig.9. It will be seen that the frequency dependences of tan § for the 
two ferrites are radically different: in the case of Mn-Zn ferrite, tan § de- 
creases with increasing frequency in the range from 10% to 109 cna while in the 
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iw case of Ni-Zn ferrite, tan § 
increases with the frequency. 
“The dielectric constant of both 
ferrites varies greatly with 
the frequency. In Mn-Zn fer- 
rite, € is exceptionally high 
at low frequencies and falls 
off noticeably only at high 
frequencies. In Ni-Zn ferrite 
€ begins to fall off at appreci- 
ably lower frequencies. 

In our work we paid parti- 
cular attention to the dielec- 
tric properties near the Curie 
| temperature. No anomalies in 
the behavior of either the di- 
electric constant or the loss 
o¢ tangent at the magnetic Curie 

point were observed for any of 


1007, 150 t, 


Fig.6. a) Temperature dependence of the dielec- the investigated samples (Fig. 
tric constant of NTs-II ferrite at different 6). 
frequencies; b) temperature dependence of tan § We also investigated the 
of NTs-II ferrite at different temperatures. influence of the rate of cool- 
ing from the sintering 
1090 eo temperature on the elec- 


tric properties. 

The dielectric and 
magnetic characteristics 
at 60 ke of samples of 
NTs-III ferrite cooled 
rapidly and slowly after 
sintering are shown in 
Table 2. It will be seen 
that both the dielectric 
and magnetic character- 
istics are affected by 
the cooling rate, but 
that the influence is ap- 
preciably stronger in the 
case of the magnetic as 
10° f,-PS gompared with the dielec- 
Fig.7. Frequency dependence of ¢€ of NTs-I ferrite at tric parameters. 

at different temperatures. These differences 
Fig.8. Same but for NTs-III ferrite. can scarcely be attributed 
to changes in the composi- 
tion of the ferrites in the process of cooling. Probably the valence and posi- 
tion of the ions in the crystal lattice depend on the cooling rate: in the case 
of rapid cooling the ions do not have time to form the normal low temperature 
equilibrium structure. 


750 


500 


250 


10? 104 
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Table 2 
Influence of the cooling rate after sintering on the di- 
E10” electric and magnetic properties of 
NTs-III ferrite at 60 kc 
400 Cooling & ." ag he * we Sar 6, 
rate | 
Slow 35,6 | 16,4 0,46 230 | Da | 9,6-10-% 
gd Fast 605 (1965 | 3,25 | 2250| 3,2) td 4ea-1074 
NiZm = 
tan 6 
200 5.0 
100 25 
10? 104 10° 10° 10% 708 
a J; ps b ‘[ffeps 


Fig.9. a) Frequency dependences of the dielectric constant of Mn-Zn (up = 2110) 
and Ni-Zn (u = 2200) ferrites; b) frequency dependences of tan of the same fer- 
rites. 


Electric properties of magnetodielectrics 


Present day magnetically soft magnetodielectrics can be divided into two 
groups: mechanically rigid magnetodielectrics and elastic magnetodielectrics, both 
characterized by low coercivity. For most practical purposes it is essential that 
both the dielectric constant ¢€ and the loss tangent tan 8 of such magnetodielec- 
tric materials be as low as possible. These parameters depend on the properties 
of both phases (the ferromagnetic - magnetic dust or powder - and the nonferro- 
magnetic - filler and binder) constituting the magnetodielectric and on the fill 
factor p - the ratio of the ferromagnetic phase to the total volume of the molded 
or compacted material. 


BK SK Km Hm KBE 9 = KOK aK 
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aa 
o le. 4 
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107 104 107 
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Fig.10. Frequency dependences of the dielectric constant of magnetodielectrics: a) 
NR + NTs-I ferrite, b) NR + NIs-III ferrite, c) NR + alsifer.(NR = natural rubber) 
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tan6 
tan 6 
O15 
a10\ 20% 
e 
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50 
‘; 25 dre verre ty ‘ 
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Fig.11. Frequency dependences of the dielectric loss tangent of magnetodielectrics: 
a) NR + NTs-I, b) NR + NTS-III and c) NR + alsifer. 
tand : 

We investigated elastic magnetodielectrics 
consisting of natural rubber (NR) and powdered alsi- 
fer and nickel-zinc ferrites with magnetic perme- 
abilities of 250 and 1000 gauss-oersted. Mixtures 
were prepared with 10, 25, 50, 75 and 90% by weight 
of the magnetic powder (p = 2, 6, 15, 35 and 62%, 
respectively). 

The frequency dependences of ¢€ and tan 6 for 
three magnetodielectrics are shown in Figs.10 & ll. 
It will be evident that the dielectric constant in- 
creases with the content of the ferromagnetic materi- 
al and at a constant concentration of the ferromag- 


O15 


10? 3 netic material decreases with increasing frequency 
Fig.12. Frequency dependen- (Fig.10). In most insulating materials the dielec- 
ces of the loss tangent of tric constant is virtually frequency independent, 
NR + 90% NITs-250 ferrite at whereas for magnetodielectrics with a high concen- 
different temperatures (NR = tration of ferromagnetic material « at a frequency 
= natural rubber). of 1 ke is 5-6 times higher than at 1 Mc. The di- 


electric loss tangent also increases with increasing 
concentration of the ferromagnetic phase (Fig.11). The value of tan 6 for the 
magnetodielectric consisting of natural rubber and alsifer is small and increases 
very little with frequency. 

The frequency dependence of tan § of magnetodielectrics made with ferrites is 
determined by the frequency behavior of tan 6 of the ferrite. The tan 6 vs fre- 
quency curvesfor the magnetodielectric with 90% NIs-III ferrite at elevated tem- 
peratures (Fig.12) exhibit peaks at the same frequencies as the curves for solid 
NTs-III ferrite (Fig.4). 


Q of the inductance coil as a function of the dielectric 
constant and loss tangent of the core 


The Q of inductance coils depends to a significant degree on the electric 
properties of the ferrites or magnetodielectrics employed for the core. 

The dielectric loss in the core, which is associated with the electric field 
of the coil, depends on the dielectric constant, the dielectric loss tangent and 


the resistance of the core. 
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The electric field in a core depends not only on 
its electric parameters but also on the shape of the 
core and the type of winding. Kornetzki & Weis“ give 
the results of calculations of the various components 
of the dielectric loss for an annular coil with a single 
layer winding. When an alternating voltage is applied 
to the winding, an alternating electric field is induced 
in the core. Owing to the conductivity of the core 
there are induced in it conduction currents which give 
rise to losses. In addition, there develop in the core 


Fig.13. Equivalent displacement currents which give rise to a polarization 
circuit for toroidal loss proportional to the dielectric loss tangent of the 
inductance coil. core. In the case of inductance coils of the type in 


question the electric field is strongest in the part of 
the core located between the beginning and end of the winding. The electric field 
is much weaker in the rest of the core and can therefore be neglected for the 
purposes of the present calculation. 

The equivalent circuit for a toroidal coil, as proposed by Kornetzki & Weis2, 
is shown in Fig.13, where L is the inductance of the coil, Cj is the capacitance 
of the winding ends to the core, Co is the capacitance of the part of the core 
situated between the beginning and end of the winding and R is the resistance of 
this part of the core. Cj, Cy and R depend on the dielectric constant of the 
core, the thickness of the insulating layer between the winding and the core and 
the distance between the beginning and end of the winding. If these quantities 
are known, one can evaluate the resistance equivalent to the dielectric loss due 
to the electric field of the coil. 

The equivalent loss resistance rr, which is assumed to be in series with the 
inductance L and due to the conductivity of the core and the capacitance Co, is 
given by the following expression 

R wo CL? 
"RT ot (Cr+ Oa (1) 


If we assume that the capacitance Cy is characterized by a dielectric loss 
tangent tan 38., the resistance equivalent to the dielectric loss in the core will 
be given by the formula 


Ry Are ts TS, 
where 
a R?w°®C?2C2L? tg 8 
5 for (C+ 6) * (2) 


The loss resistance rpg as a function of R will have a maximum at 


{ 
Lt = i (ges a (3) 


Thus we find that a high value of rp can be decrease i 

or increasing the resistivity of the core. Moreover, at nisiecien hee ae 
R, the loss resistances rp and rs can be decreased by reducing C,. Decteses ft 
C, can be realized by moving the winding away from the core Spee le, b : - 
troducing a layer of styrene or similar plastic ribbon between the ae ae 
winding. By way of illustration, the influence of the thickness of a layer of 
Styroflex ribbon (€ = 2.2-2.3, tan § = 107-4, thickness, 40 U) on the f Z 
gapped core of MTs-2000 ferrite (uy = 100 gauss/oersted oF = 95 mh) at : cae 
cies of 60 and 120 kc is shown in Fig.14, ‘<i 


250 


a o) 10 


Fig.14. Influence of the 
thickness of an insulating 
layer between the core and 
winding of an induction coil 
on its Q (n = number of lay- 
ers of 40 yw thick "Styroflex" 
ribbon). 
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R, 2 
10000 
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0 50 160 


j-Cps 
Fig.15. Frequency dependence 
of the resistance of an in- 
duction coil: 1) experiment- 
al curve, 2 & 3) calculated 
curves. 


= 319%= 


Applying the winding directly to the core 
yields a low Q value or a large loss tangent (tan 
Se = 1/Q). Application of the first layers of 
"Styroflex" ribbon results in a sharp increase of 
Q; additional layers have less effect and beginning 
with 6-7 layers, Q begins to decrease owing to in- 
crease of the coil loss because of increase of the 
mean length of the turns and reduction of the wire 
diameter usually involved. 

To give some idea of the magnitude of the di- 
electric loss resistance, we have plotted in Fig.15 
curves characterizing the frequency dependence of 
the equivalent resistance for an inductance coil 
with a ferrite core (uj = 1350) and a single layer 
winding. Curve 1 is based on experiment; curve 
was calculated taking into account only the magnet- 
ic core loss resistance and the de resistance of 
the winding; curve 3 was also calculated, taking 
into account the above two resistances and in ad- 
dition the dielectric loss resistance Rg of the 
core. 

The coil core for which the calculations were 
carried out had the following dimensions: radial 
thickness 0.25 cm, height 2.05 cm, distance between 
the beginning and end of the winding 0.65 cm. The 
resistivity of the ferrite was 7-104 ohm cm. 

The divergence between curves 1 and 3 may in 
part be attributed to variation in the dielectric 
properties of ferrites (even ferrite samples from 
the same production batch vary), inasmuch as tan 6 
and € for the specific ferrite used in fabricating 
the coil core were not measured. In calculating 
the dielectric loss resistance we used the data 
shown in Fig.l. The values of € at frequencies of 
10, 20, 40, 70 and 90 ke were taken equal to 1170, 
470, 211, 128 and 106, respectively (Fig.7). 

Some of the divergence between the curves may 
also be due to the fact that the equivalent circuit 
proposed by Kornetzki & Weis does not truly repre- 
sent all the actual effects occurring in induction 
coils. Despite the divergences between curves 1 
and 3, the Kornetzki & Weis formulas can be used 
to evaluate in the first approximation the dielec- 


tric loss resistance of cores, which in the case of high inductance coils with 


ferrite cores may even at frequencies under 105 


sistance of the core, 


cps exceed the magnetic loss re- 
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INVESTIGATION OF THE DIELECTRIC PROPERTIES OF FERRITES 
~ Z.1I.Novikova 


We investigated the dielectric properties of nickel and zinc ferrites and 
solid solutions of nickel-zinc ferrites of stoichiometric and nonstoichiometric 


composition (excess or deficiency 0 
ture, the cooling rate and the sintering mediun. 


f iron) as a function of the sintering tempera- 


Specifically, we obtained the frequency dependences of the dielectric con- 
stant and the dielectric loss tangent at room temperature in the range from 2°10 


to 108 cps. 


The measurements were carried out on annular specimens with electrodes ap- 


plied to the outer and inner surfaces by chemical silvering. 


This method of ap- 


plying electrodes yielded higher values of the dielectric constant and conductivi- 
ty as compared with conventional firing on of silver electrodes, but did not ef- 
fect the character of the frequency dependences of tan 6 and €. 


10.0 


J. cps 


"We 104 10° 
Pies3 Fig.4 

Fig.l. Frequency dependence of the dielectric loss tangent 

of ZnFeo04 ferrite samples sintered at different tempera- 

tures and with different resistivities: 1) tgint = 1250° 

(p = 1.3-104 ohm cm), 2) 1300° (4.0-103 ohm cm). 

Fig.2. Same as Fig.1 but for NiFeoj04 ferrite: 1) tsint = 

= 1200° (p = 4.6-105 ohm cm), 2) 1250° (4.23-104) and 3) 

1300° (1.2-104). 

Fig.3. Frequency dependence of the dielectric constant of 

ZnFe20, ferrite sintered at different temperatures: 1) 

1200°, 2) 1250°, 3) 13009. 

Fig.4. Same as Fig.3 but for NiFeg04 ferrite: 1) 1200°, 

2) 1250°, 3) 1300°. 


f.cps 
J, cps 


Figs.1 and 2 
show the frequency 
dependences of tan & 
of zinc and nickel 
ferrite sintered at 
temperatures of 1200, 
1250 and 1300° (hold- 
ing time at heat 4 
hours) followed by 
slow cooling to room 
temperature. The two 
ferrites differ radi- 
cally as regards loca- 
tion of the ions at 
the lattice sites and 
as regards magnetic 
properties. Zine fer- 
rite has the "normal" 
spinel lattice and is 
nonferromagnetic. 
Nickel ferrite has 
the inverse spinel lat- 
tice and is ferromag- 
netic. The two fer- 
rites also differ as 
regards their dielec- 
tric properties. 

A peak appears 
at about 30-40 kc in 
the tan § vs frequency 
curves for zinc fer- 
rite; the position of 
the peak does not vary 
with the sintering 
temperature. In the 
case of nickel ferrite 
however, the frequency 
of the tan § peak is 
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Fig.5. Frequency dependences of the dielectric loss tan- 
gent of nickel-zinc ferrites having the composition 
Niop,5Zno,5Fe20, sintered at different temperatures: 1) 
tsint = 1200° (p = 7.3-105 ohm cm), 2) 1250° (2.6-105), 
3) 1300° (3.6-104). 

Fig.6. Same as Fig.5 but for nickel-zinc ferrite having 
the composition Ni,Zn,_,Fe904 sintered at 1250°; ZnO con- 
centrations: 1) 0%, 2) 15%, 3) 25%, 4) 35%, 5) 40%, 6) 
45%, 7) 50%. 

Fig.7. Frequency dependences of tan 6 for NiFeo04 ferrite 
sintered at 1200° with different resistivities: 1) rapidly 
cooled (o = 3.07-104 ohm cm), 2) slowly cooled (4.6-106 
ohm cm). 

Fig.8. Frequency dependences of ¢ for NiFe20,4 ferrite 
sintered at 1200°; 1) rapidly cooled, 2) slowly cooled. 


very sensitive to the 
sintering temperature. 
At a sintering tem- 
perature of 1200° no 
maximum of tan § is 
observed in the inves- 
tigated (2-102 to 108 
cps) range. When the 
sintering temperature 
is 12509, there are 
two peaks: one at the 
same frequency as in 
the case of zinc fer- 
rite, the other at 
about 150 ke. Final- 
ly, in the case of 
sintering at 1300° 
there is only one tan 
§ peak located at 
about 1 Mc. 

The frequency 
dependences of the di- 
electric constant of 
Zinc and nickel fer- 
rites sintered at dif- 
ferent temperatures ~ 
are shown in Figs.3 & 
4. It will be seen 
that the character 
of the frequency de- 
pendences of ¢€ is the 
same for both fer- 
rites. In contrast 
to Zn ferrite, the 
dielectric constant 
of Ni ferrite at low 
frequencies is strong- 
ly dependent on the 
sintering temperature; 
in the region of high 
frequencies, however, 
the values of ¢ for 
the two ferrites are 
close. 


The frequency characteristics of nickel-zinc ferrite solid solutions vary. 
Some have a frequency dependence of tan § similar to that of zinc ferrite, others 


have a dependence similar to that of nickel ferrite. 


Some Ni-Zn ferrites exhibit 


two tan § peaks; thus, for example, samples having the composition Nig, 52no, 5Fe204 
sintered at 1250 and 13009 yield curves with two tan 6 maxima, located at about 


30 and 200 kc. (Fig.5). 


Examining the tan 5 vs frequency curves for nickel-zinc ferrites of differ- 
ent composition sintered at 1250° (Fig.6), we note that the tan 6 maxima appear 
in three frequency intervals, namely, 20 to 40 kc, 100 to 200 ke and 1 to 2 Mc. 
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The source of these losses is, apparently, relaxational motion of some sort of 
particles rather than heterogeneity of the material as is assumed by Koopst, 
MOltgen2, Van Uitert3 and a number of other authors. 

The view that the frequency of the dielectric loss tangent peak for ferrites 
is inversely proportional to the de resistivity? is not upheld by our experiments. 
Thus, for example, Zn ferrite sintered at 1250° and Ni ferrite sintered at 1300° 
have approximately the same resistivity (1.2-1.3-104 ohm cm), but the tan 8 peak 
for the former is located at about 40 kc, whereas the tan 56 peak for the latter 
appears at 1 Mc. 

Rapid cooling of the samples from the sintering temperature leads to appar- 
ent increase of the dielectric constant, which Kamiyoshi+t explains by displace- 
ment of the region of dispersion to the side of lower temperatures, or at con- 
stant temperature, towards higher frequencies, which is not always substantiated 
by experiment. 

In the case of rapid cooling of Ni ferrite from 120008 a rise appears in the 
tan & vs frequency curve, whereas no rise is apparent in the curve for slowly 
cooled specimens (Fig. 
7). The values of € 
at 1 ke for slowly 
and rapidly cooled 
samples of Ni ferrite 
differ by a factor 
of about 50 (Fig.8). 

In the case of 
sintering at 1300° 
a tan $ maximum ap- 
pears at approximately 
the same frequency 
in the curves for 
slowly and rapidly 
. cooled samples, but 
Fig.9. Frequency dependence of tan § for NiFeo04 ferrite the peaks differ in 
sintered at 1300° with different resistivities: 1) rapid- height (Fig.9). In 
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tan 6 


208 


10,0 


7 
108 10 
7. cps 


107 


ly CRE (p = 2.59-103 ohm cm), 2) slowly cooled this case the dielec- 
(1.2-10 ohm cm). tric frequency values 
Fig. 10. Frequency dependence of ¢€ for NiFeo04 ferrite of the slowly and 
sintered at 1300°: 1) rapidly cooled, 2) slowly cooled. rapidly cooled samples 


are close (Fig.10). 


On the basis of the experimental data it may be inferred that change in the 
rate of cooling leads to redistribution of the ions in the crystal lattice and to 
the appearance of new types of ''relaxators'’ or increase in the number of "relaxa- 
tors’ present. 

Deviations from the stoichiometric composition, namely, a deficiency or ex- 
cess of ferric oxide in the initial batch leads to a radical change in the pro- 
perties of the ferrites. The variation as regards the frequency dependence of 
the dielectric loss tangent will be evident from Fig.11. Deviation from the stoi- 
chiometric composition results in increase of the resistivity and decrease of the 
permeability and dielectric constant (Tables 1 & 2). 

Extensive studies of the physical and chemical properties of ferrites car- 
ried out by Toropov & Borisenko® showed that,in addition to a continuous series 
of primary solid solutions, there are formed in the Ni0-Zn0-Fe203 system solid 
solutions of the second kind, the components of which in one part of the system 
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Table 1 


Dielectric properties of NiFe 0, ferrites deviating from the 
stoichiometric composition (tgint = 1300°) 


ie ial || + 
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Table 2 


Values of €, yw and e of nickel-zinc ferrites of different composition 


tsint™ 1200° tsint™ 1250° tei ptm 1300° 

Composition 

€ u e, Q-cm € wu e, Q-cm € u e, Q-cmi 
Nip 3Zny 7Fe, gO, | 108 | 470 |1,85-107]} 680] 421 |4,85-105| 3770 | 444 | 1,1-108 
Nip 52Zn9 7Fe, gQ4| 165 | 560 |1,3-108 [11700 | 653 |3,1-10* [98600 | 1950 | 2,8-10 
Nip 5209 7Fe, ,Oc| 90 | 395 ]1,4-10* | 350] 440 |1,8-105 | 835} 520 | 1,0-108 

are mixed ferrites 
tan § tan 6 & y-Fe903 and in the 
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Fig.1l1. Frequency dependences of tan 6 for Nio, 32ng, 7Fe204 
ferrites with deviation from the stoichiometric composi- 
tion. Sintering temperature 1250°. Fe ,0,4 content (n%) , 
permeability y and resistivity p (ohm-cm): 1) n = 60%, 
u a'508,°9 = 2)7-10°; 2) n = 50%, pp = 623, p = 3.1-104; 
3) n = 45%, p = 421, p = 4.85-109, 
Fig.12. Same as Fig.11 but for Nig, 3Zng,7Fe204 ferrite 

Sintered at 1300° in different atmospheres: 1) air, p = 
1.15-103 ohm cm, 2) oxygen, p = 9.7°103 ohm-cm. 


= 
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other part of the sys- 
tem mixed ferrites & 
Ni and Zn oxides. In 
Nig, 32n9,, 7Fe204-7- 
-Fe903 solid solutions 
both the relative nun- 
ber of Fe3+ ions and 
the number of such 
ions at the tetra- 
hedral sites increase 
with increase in the 
iron oxide concentra- 
tion. 

According to 
Piskarev’, Ni-Zn fer- 
rites with 55% and 
more Feo03 have two 
phases: a ferromagnet- 
ic phase of stoichio- 
metric composition and 
a nonferromagnetic 
A-Fe90, phase. Fer- 
rites containing less 
than 50 mole percent 


~ 984 5— 


Fe.0. form substances that have one ferromagnetic phase with the composition 

(Ni0) yn (Zn0) 1-nF e903 and the spinel structure and one or two nonferromagnetic 
phases which, depending on the NiO to ZnO ratio, may exist in the form NiO, ZnO 
or a solid solution of the two oxides. Thus, according to the results of Toropov 
& Borisenko® and Piskarev’, an excess of Fe903 does not necessarily produce an 
increase in the number of Fe2t ions and, consequently, need not lead to an in- 
crease in conductivity, which is substantiated by our measurements. 

We carried out a series of experiments in which samples having the composi- 
tion Nip, 32n9, 7Fe20, were cooled slowly after sintering at 1300° in different 
media: air, oxygen and carbon dioxide. The samples differed as regards their re- 
sistivity. The resistivity po of the sample sintered in air was almost an order 
of magnitude lower than that of the sample sintered in oxygen, while the ferrite 
sintered in carbon dioxide was virtually a conductor. The first two samples have 
a tan § maximum at the same frequency, namely, ~100 kc, but the height of the tan 
§ peak for the sample sintered in air is higher (Fig.12). 

Inasmuch as the number of bivalent iron ions present in the ferrite depends 
on the oxygen concentration in the sintering atmosphere, it may be assumed that 
the tan § peak in this case is due to the presence of bivalent iron ions in the 
ferrite. Consequently, the tan 8 peak at a frequency of ~100 ke in the investi- 
gated ferrites is connected with the presence in them of bivalent iron ions, 
which are responsible for the increase in conductivity. 

We find confirmation of this inference in the experimental data of Koops!, 
although Koops himself interprets his experimental frequency dependences of tan 
5 and € as being due to electric inhomogeneity of the ferrites. 

Using Koops' tabular data for ¢€ and p of his Nig, 4Znp gFegq04 ferrite samples 
sintered in different media, we plotted the frequency dependences of tan 6 shown 
in Fig.13. 

We note that some of Koops' ferrite samples, although differing radically 
as regards 9, exhibit a tan 5 peak at nearly the same frequency (200-300 kc). 
Thus, the peaks in curves 3,4 & 5 lie at approximately the same frequency, where- 
as po for the sample characterized by curve 4 is ~10° ohm cm, while for the samples 

characterized by curves 3 & 5 9 ~10% ohm cn. 
tan 6 The frequency of the tan § peak in these 
400 three curves is close to that obtained by us, 
namely, 100-200 kc. The frequency and height 
«-Fig.13. Frequency dependences of the dielec- 
tric loss tangent of Nig. 4Zno, gFeo04 ferrite 
30,0 samples according to the data of Koops. 


Atmosphere 


20,0 


Curve No 
FeO; % 

ohm cm 
at 1 ke 
fo) 

tsint» C 
Cooling 


sinter- 


1 1.0-104 | 1280 | slow 
2 5.4-109 | 1300 | Slow 
3 | 0.42 | 1.3-103 | 1300 | Rapid 
4 1.4-105 | 1300 | slow 
5 1.1-103 | 1380 | Rapid 


10 10% 1 10° 
2 kc 300 ke f, cps 
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of the tan § peak are determined by the presence of Fe2t, which is responsible 
of the conductivity of the ferrites, or, more rigorously speaking, by the elec- 
trons migrating from the Fe2+ ions to the Fe3+ ions (Verwey mechanism). This is 
substantiated by comparison of curves 2 and 4; curve 4 pertains to a ferrite 
sample containing 0.07% FeO with aac 1.4°105 ohm cm, while the ferrite sample 
characterized by curve 2 contains 0.1% FeO and has 0 = 5.4°105 ohm cm. 


Conclusions 


1. The dielectric loss tangent relaxation frequency in ferrites does not 
depend on the de resistivity of the material. 

2. The peaks in the tan § vs frequency curves for ferrites appear in three 
frequency intervals, namely, 20 to 40 kc, 100 to 200 ke and 1 to 2 Mc. The source 
of these losses is presumably relaxational motion of some kind of particles, ra- 
ther than heterogeneity of the material. 

3. The relaxation maximum of the dielectric loss tangent in the 100 to 200 
ke interval is connected with the presence of Fe2+ ions, or, more accurately 
speaking, with the presence of electrons transferring from Fe2t to Fest (Verwey 
mechanism); these ions (electrons) are responsible for the conductivity of the 
ferrites. 

4. Change in the rate of cooling from the sintering temperature results in 
redistribution of the ions in the crystal lattice, which leads to the appearance 
of new types of "relaxators'" or increase in the number of "relaxators' present. 
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INVESTIGATION OF THE STRUCTURE OF IRON-ALUMINUM ALLOYS WITH ANOMALOUS CONDUCT IV ITY 
- E.N.Vlasova & L.N. Fedotov 


Thomas! »2 reported observing a distinctive state, which he termed the K state, 
in Fe-Al alloys containing from 3 to 10% Al (here and below, all percentages are 
by weight). This state forms as a result of tempering quenched and deformed speci- 
mens and is characterized by an anomalous increase of resistance. As regards 
structure these alloys represent a single phase solid solution with a body-center- 
ed cubic lattice. At Al concentrations of 10% and higher the annealed alloys have 
the ordered Fe3Al structure. 

Investigation of alloys containing less than 10% Al by conventional proce- 
dures (roentgenography and optical microscopy) failed to reveal any significant 
structural changes incident to formation of the K state. 

In the present work we made an attempt to detect by means of more sensitive 
x-ray diffraction techniques, using single crystal specimens, atomic redistribution 
in the disordered solid solution, leading to formation of the K state. 

For purposes of the study we chose alloys having the following compositions: 

1) An alloy with 10% Al, i.e., an alloy close to the boundary between ordered 
(Fe3Al) and disordered solid solutions (this alloy is characterized by the great- 
est increase in resistivity incident to annealing), 

2) The single phase disordered alloy with 8% Al, 

3) The ordering alloy with 12% Al. The last was chosen for purposes of com- 
parison. 

Oscillation and diffuse scattering diffraction patterns were obtained by 
means of monochromatic Mo Ky radiation. 

In the patterns 
for alloys contain- 
ing 10 and 12% Al 
(Figs.l,a & b) 
quenched from 900° 
there are evident 
greatly diffused 
superstructure (111) 
and (200) reflec- 
tions. This indi- 
cates that the solid 
solution after quench 
ing is not homogene- 
ous. Apparently the 
alloy consists of a 
disordered matrix 
with a statistical 
distribution therein 
of small ordered re- 


Fig.l. X-ray i genta sa Sey patterns for Fe-Al alloys after gions with the Fe3Al 
quenching from 900°; a) 10% Al, and b) 12% Al. Mo ; 
radiation. : : Ky structure. Possibly 


these regions form 


: : lace in the process of 
quenching from nuclei existing at high temperature, as has been observed by Heine 


& Volker in the case of Al-Ag alloys. Another possible explanation for the pres- 
ence of diffuse superstructure reflections in the patterns for the quenched alloys 
is the formation of a fine domain structure in the process of quenching After : 
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tempering at 300°, superstructure lines appear in 
the oscillation patterns at large angles (Fig.2); 
(420) for the alloy with 10% Al and (442) for the 
alloy with 12% Al. It may be hypothesized that the 
regions with long range order (distributed in the 
disordered matrix or forming the domain structure) 
grow during annealing at 300°. The size of these 
regions can be evaluated from the width of the 
superstructure reflections. After annealing for 

4 hours at 300° the region dimensions proved to be 
of the order of 500 A for the 12% Al alloy and of 
the order of 100 A for the 10% Al alloy. 

The width of reflections does not change with 
further heating at 300° for 20 and 30 hours; conse- 
quently, there is no further growth of the regions 
with long range order. 

In order to determine which of the two explana- 
tions suggested above is the correct one, it was 
necessary to measure the lattice parameters with 
Fig.2. Oscillation patterns reference to the main and superstructure reflections. 
for alloys with 10% Al: Presumably, if the structure is a disordered matrix 
(420) reflections. Co radi- containing a statistical distribution of ordered re- 
ation, a) 4 hours tempering gions the deduced parameters should be different. 


at 300°, b) 20 hours at Accordingly, we determined the lattice para- 
300°, c) ordering tempering meters of the alloy containing 12% Al with reference 
at 300°. to the main (620) and superstructure (442) reflec- 


tions. The deduced parameters proved to be equal 
within the limits of the experimental error. It must be noted, however, that the 
accuracy of determining the lattice parameter from the (442) reflections was in- 
ferior to that in determining the parameter from the (620) reflections, owing to 
the greater diffuseness of the superstructure reflections. 


Fig.3 Fige4 


Fig.3. Diffuse scattering pattern for single crystal of the alloy with 8% Al quench- 
ed from 900°. Monochromatic Mo Ky radiation. 
Fig.4. Diffuse scattering pattern for single crystal of alloy with 8% Al annealed 
for 20 hours at 300°. Monochromatic Mo Ky radiation. 


= 300 = 


It would appear therefore that the second explanation - that domain struc- 
ture forms in these alloys - is the more probable. 

A somewhat different picture is observed for the alloy with 8% Al. Thevdii— 
fuse scattering pattern obtained for a single crystal of the alloy quenched from 
900° is shown in Fig.3. The patterns for the quenched alloy exhibited diffuse 
intensity maxima at the locations where there should appear the superstructure 
(111) reflections associated with the ordered Fe3Al structure. This indicates 
that in this case there obtains short range atomic order (Fe3Al type). 

In the diffuse scattering patterns obtained for a single crystal annealed 
for 20 hours at 300° we also observed diffuse intensity maxima at the locations 
of the superstructure (111) reflections (Fig.4); these were more intense than in 
the case of the quenched alloy. Hence the degree of short range order in this 
case is somewhat higher than in the alloy quenched from 900°. 

Comparing our data on the structure of the Fe-Al alloys with the reported 
variation in resistance!»2 we can draw certain inferences regarding the reasons 
for the anomalous variation of the resistance of these alloys. 

In the alloy with 10% Al annealed at 300° there forms an ordered domain 
structure with domains having dimensions of the order of 100 A. The increase in 
resistance in this case can be explained by increased scattering of the electrons 
at the domain walls, when the domain dimensions become commensurate with the 
electron wavelength. 

In the alloy with 8% Al the change in resistance is connected with the forma- 
tion of short range order. Consequently, cold deformation, which destroys the 
short range order, leads to decrease of the resistance. 
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MAGNETIZATION OF FERROMAGNETIC POWDERS IN STRONG MAGNETIC FIELDS 
- G.V.Krasnoperov 


It is relatively easy to calculate the magnetization curve in the region of 
strong magnetic fields, where the predominant role is played by reversible rota- 
tion processes. Hence it may be of interest to compare the experimental data with 
the theoretical predictions for this region. 

We checked the law of approach to saturation 


f=,(1-$-#_...)41, (1) 


for the case of ferromagnetic powders. We measured the differential susceptibili- 
ty x by the procedure described in Ref.1: we recorded the magnetization curves 
in fields up to 9000 oersted, determined the coercive force H, and the initial 
susceptibility y,. The density of the ferromagnetic phase in the samples varied 
rom 0.5 to 5.5 g/em3, Through such experiments one can test the validity of the 
law of approach to saturation for ferromagnetic powders and elucidate the influ- 
ence of nonmagnetic inclusions on the terms in the parenthesis in (1). 

Neglecting small terms in the parentheses in (1), we can write 


yH? =b+ad, (2) 
where ae CL 
ta fie 

Fig.1 shows the variation of yH*with H for nickel powder consisting of 
< 0.25 mm diameter particles. 

The values of the saturation magnetization /, determined by extrapolation of 
experimental curve to H ~ oo and the saturation magnetization /,’ calculated on 
the basis of the density d of the ferromagnetic phase in the sample, as well as 
the values of the coercive force H, and initial susceptibility he for nickel 
powder are listed in the accompanying table. 


Magnetic properties of nickel powder 


Curve F , Nay Hie Curve ie , ae He, 

No, a, s/an3 Is, Gs] I, Gs eee zo 22 la, d/em? Is, Gs| 1,,Gs om a 
(Fig.1) exp. | calc Hise. expe | calc 

1 3,76 220 AY || Ys Tl) Bio 4 1,54 83 87 G7 || Sf ts 

Z 2,69 150 ae) Waly 56,8 5 1,0 65 63 459" 764.5 

3 1,83 104 104 | 8,36 | 61,2 || 6 OF So 31 32 2 OL F55),6) 


Similar measurements and calculations were made for powders of Fe, Co, Perm- 
alloy and mixtures thereof. 

It will be evident from Fig.2 that both coefficients in (1) are affected by 
nonmagnetic inclusions. 

The coefficient B remains positive for a heterogeneous structure of the fer- 
romagnet. This is in conflict with the results of Bol'shova's work? where fields 
of up to 2500 oersted were used; there in the presence of a heterogeneous struc- 
ture a significant role was played by irreversible processes which led to nega- 
tive values of the coefficient B. 

The variation with density of the coefficient A (Fig.2) is in agreement with 
the work of Née13, who infers that the variation of A is influenced by the pres- 
ence of nonmagnetic inclusions. Our experimental data for iron powder (~10-2 mm 
diameter particles) agree with the data of Néel?. The influence of inclusions on 
the term BH~2 cannot be explained by present theories. 
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Fig.1. Variation of x3 with H for different nickel powder samples. The numbers 
at the curves correspond to those in the table. 
Fig.2. Variation of the coefficients A and B in (1) for nickel with the density 
of the ferromagnetic phase in the sample; q - density of the ferromagnetic phase 
in the sample, dy, - density of nickel. 


The coercive force H, of nickel powder remains virtually constant in the 
density range from 3.76 to 0.55 g/cem3; in other ferromagnetic powders H, decreases 
with decreasing density. This is understandable if we recall that in the range 
of low ferromagnetic phase concentrations 


—M_ 
H.~ >, (3) 
where M, and M_ are the magnetic ''poles" on the surface of two neighboring fer- 
romagnetic particles and / is the distance between them. 

The initial susceptibility y, decreases with increase in the amount of the 
nonferromagnetic phase, which is consistent with the data in the literature. 


Conclusions 


1. The law of approach to saturation (1) is valid for ferromagnetic powders 
in the range of fields from 3000 to 9000 oersted. This is shown by the agreement 
of the calculated and experimental values of the saturation magnetization ( 7,’ and 
Tae 

2. The values of the coefficients A and B in (1) depend on the amount of non- 
magnetic inclusions present. 

3. The influence of nonmagnetic inclusions on the character of the variation 
of A and B depends on the type of ferromagnet and dimensions of the powder parti- 
cles. 

I desire to express my gratitude to V.V.Parfenov for support in the present 
work. 


Laboratory for Precision Alloys, 
Ural Institute of Ferrous Metals 
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ATOMIC MAGNETIC MOMENTS, CURIE POINTS, EXCHANGE ENERGY AND 
PARAMAGNETIC SUSCEPTIBILITY OF FERROMAGNETS 


- F.M.Gal'perin 


In view of the lack of adequate theoretical relationships for evaluating the 
principal magnetic properties of ferromagnets, we propose a number of empirical 
formulas for computing these properties. 


I. Pure ferromagnetic and transition metals 


We shall consider the elements from 9)Sc to g99Cu. Each of these metals can 
be characterized by a constant! R, which has the dimensionality of length. The 
numerical values of R for different elements are listed in column 2 of Table 1. 
The difference between the interatomic distance in the ferromagnet lattice and 
the constant R figures in all the proposed formulas. 


1. The proposed formula for the atomic magnetic moment of pure ferromagnetic 
metals is 


m/Mz = Na—ng + 1+ (0.642 — 8/3)n; (ri— R), (1) 


where Mz is the Bohr magneton, a is the number of unpaired d electrons in the 
atom, mn; is the number of its s electrons, 7; is the distance between nearest 
atomic neighbors, the number of which is 7, for the i-th coordination sphere of 
the metal lattice. For type A2 (body-centered cubic) and A3 (close packed hex- 
agonal) lattices z= 1 and 2, while for type A (face-centered cubic) lattices 

i = 1 (in view of the fact that for the last rz = 1.414 mS 71); the plus sign 
in front of 0.642 and B = O are used here and below in Eqs. (2) ,(5) ,(7)-(9) for 
the case when the distance between nearest neighbors in the first coordination 
sphere 71<R; the minus sign and B = 1 are used for the case when 71>R. The 
latter case obtains for Ni and Cu; the former for the other metals. The sum of 
the last two terms in (1) is positive only for pure ferromagnetic metals (see 
Table 1). 

2. According to Vonsovskii & Vlasov2, the ferromagnetic Curie point @ of 
pure ferromagnetic metals is given by 
9 — dd 
ahd ee 0.15[(y/L— 4)? ny ’ 
bi — (21, / DIN 
where §4,=0/2k is the Curie point due solely to d-d exchange, fk is Pe EL 
constant, Mm is the number of s and N is the number of d electrons per cm”, J, 
is the exchange integral for s and d electrons at the given lattice site, eis 
the s-d exchange integral for electrons at neighboring sites and /, is the Ss elec- 
tron transfer integral. 
Our empirical formula for the ferromagnetic Curie point is 


pe eeeeeenense ff eat metal 0c ty ates yee oF tees 558 (2) 
q 0.45 {€ / [2 — 0.642 n (r1 — R) — B] — 4)? [2 4 0.642 n (71 — R) —B] 2, 
SE a Serre 
where ° 
0) =n{[(1 + N4)(n —1) — Bn, (ns + 2)/3]; (3) 


here n is the number of nearest neighbors. For Ni, Q-Fe and 7-Fe with Al, A2 
and Al type lattices, respectively, “=m, while for Co, n=n,+n, (in view of 
the fact that for Co r,~7,- see Table 1). Further, 
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Table 1 


Values of the constants in Eqs.(1) and (6) and the magnetic moments of 
a number of transition metals 


4 ae 
at 4) 71 (m1), A < L =. CESS = = Nq Ng) Ns 
Metal a 2) r2(ms), A ey Dk Reem eo B Sie 
4 © Slat beats Male @ 
ees Cen ale ie: ea lie 
ee} 4 wi Sib Oe S = 
41) 3,24 (6) [4] |) eh WS = we = ~ 2 
Sc |4,0332)} <A3 { 3 3,31 (6) [4] s—9,41 |—5,84)—3,05 4 1 
A2 |1) 3,17-(8); 3,20 (5]| —9,1 |-5,84|—3,30] — “f 24] pnyddendl tale? 
: 4) 2,915(6) [4] fat 2 
vi [3,432] A3 | { 9) 2°953¢6) [4] | S85 [—5-46]—2,81/3,46) 3,40 [7] obk 2 
1) 2,85(8); 2, 8415] 
A2 2,84 [6] \-8,5 —5 , 46)—4, 09 Oe ee alle 
1) 2,6274(8) [4] 
v_ |s,atsa] a2 | { 5} 3’oassce) fa] | }—-7>23|—4,64|—3,55]4,64] 4,60 [71 =) 314 
1) 2,715(12); 2,72[5] 
Al 9.10 [6] }—7,23|—4,64|—4, 64 ae eT 
1) 2,4929 (8) [4 
cr |3,0582| a2 |{ 2} S°ése ce) fa} | }—8.60|-3,59|—2,90|3,59] 3,60 [7] rae re 
1) 2,590(12); 2, 60[5 
AL |) 2590 Ol! } —s,60|—3,59|—3,59 gt | Mette 
mn |2,8632| a6 | {5} 5°69 chy fa} | }-3:02|1,94|1,44|3,06] 3,00 (7) 5 | 5l2 
1) 2,48(8); 2,48 [5] 
A2 "2,54 [6] \ 53 02 —1 ,94 5 Leal 
4 3,20 [8]? 
Fe |2,7332| az | { 3 SF geiorey ca] | }—1,281—0,82|—4,31)3,18] 3°45 a | 2,48 |2,22(101) 4 | 6 | 2 
* 4 
co 2,532} as | { 3} 5450) | }—0,a2|~-0,27|-0,27]3,18] 3°7e fel | 1.73 [4,71 t10]} 3 | 7 
Ni |2,4082) a4 | 4) 2,4868 (12) £4)| 0,94] 0,606] 0,606]1,60] 4,64 (8]* | 0,606/0,605[40]| 2 | 8 | 2 
Cu |2,3432] At | 4) 2,554 (12) (41 ' 2,50] 4,60 4,60!0,60 o |401 4 


Notes: The bold figures are values calculated by means of Eq.(11). 
2From data on Fe-V alloys. 3rrom data on S-Fe. 4at 1404°K. Sat 1230- 
1450. Sat 773-1123°K. 7For crystalline chromium N,=n, = 4 and n, = 
2. (The numbers in brackets [] are References. 


&9 = — 0.13 Na (Na—n, + 8)/(Na —1). (4) 


3. The familiar "3/2 power law" for the variation of the spontaneous magnet- 
ization as a function of the absolute temperature close to O°K contains the para- 
meter 


0’ /k = Ae (2ec | 0.1174)%, 


where A is the exchange energy, e = 1 for Ni and e = 2 for Fe; c=4/,, 1 and 
for a simple lattice and type A2 and Al lattices, respectively. 


We assume that c—1+8 and e=Nqa—n,+8, then the exchange energy will be 
given by 


A n 
= sr [mb 1) NG + Bing (ms + 2) / 3] [2 + 0.642 n (7; — R) — 8], se 


bed} 2 etc 


where the minus sign in the first term is taken for Ni and the plus sign for the 
other metals. 


4. Our empirical formula for the atomic magnetic moment for the metal in the 
paramagnetic state is 


m, / My = Na+ 0.642 (1 —(7/3)] Dini (ri — R), (6) 


here we take the minus sign and set y = 1 for Ni and Co, and the plus sign and 


set y = 0 for Fe and the other metals.. For antiferromagnetic Cr and V the first 
term in (6) is disregarded. 


5. The proposed empirical formula for the Curie constant per gram atom is 


LM? 
Ca= —— (Na—14+ 7) (Na +1 +1)/p20/ [2+ 0.642 n(r, — R) — 8] — 4} ng (me +2), (D 


where L is the number of atoms per gram-atom, the plus sign in front of « and 

@ = 3 are used for metals that are ferromagnetic in the pure state, and the minus 
sign and m = 1 are used for metals that are paramagnetic in the pure state and 
for y-Fe (also LM} = 0.38 &). 


6. By analogy with (2), the formula for the paramagnetic Curie point is 


) 
Wee : __ 0.15 fe / [4 F0.6n(n A) — 47 Uh + 0.642 n (r1 — RJ n, ’ ey 
1 RS a LAE Se aaa 

here the plus sign is used for metals that are ferromagnetic in the pure state, 
and the minus sign for metals paramagnetic in the pure state and for y-Fe; the 
sign used in front of 0.642 is opposite to that taken in calculating by Eq. (2). 
7. The magnetic susceptibility per gram atom at temperatures T> 9 (in °K) 

is given by 


Xa = Xoa + Ca/(T —6,), 


where y.q is the temperature independent susceptibility per gram-atom. According 
to Vonsovskii & Vlasov?, 
= f N [1—(2/,/ ,)] tele 0.15 n9,Mi 
So 0.45 m9 (Ip / 1,)—4I 07, OST = I,)r 


Accordingly, our empirical formula for the temperature independent suscepti- 
bility is 


: N,—1 
Xoa = 10 £14 / [20.642 (ry — R)—8) + [e9/[2-+0.642n(ry—R)—P] —Al a Ss 


x fe es oe [60 / (20.642 n (r; — R) —B) —4]? nd (9) 


8. Interatomic distances in two modifications. Let us assume that for the 
two principal modifications of each metal with structures of type A2 and Al, 
characterized by the coordination numbers 14 and 12,respectively, there obtains 
the relationship 


dyn (ri — R) = const, (10) 


consequently, from the known interatomic distance in one modification we can find 
the distance in the other modification, namely, 
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ria = 1.2441 ry, — 0.1667 R, (11) 


where the indices indicate the corresponding coordination numbers. 
It is evident from Tables 1 & 2 that the calculated and experimental values 
of the different parameters are in satisfactory agreement. 
Table 2 


Calculated and experimental magnetic parameters of some ferromagnetic metals 


Oe | 


0, °K Ok Ajk | Ca Ora xe 10 


Exper. |Theo. 


O 
Exper. re bsper 
4 


exp. 4 6) A 
at & ie 


“| 
Ni 628] 637] 634 [10]|2354]2310[44]} 224] 220[14] | 0,306] 0,322 [8] 656 650 [8] 2,32} 2,34[13] 
2380 (412] 226[ 12] 


Co |1320/1386]1393[10]|6785 =— 14025] — 1,251) 41,228 [8] 4432 |1428—1403[8]) — — 
a-Fe | 952|41043]41043 [40]/4182|3850[414]] 199] 183[14] | 1,245) 1,265 [8] 1119 1104 [8] _ - 
4 


360 [412 207[12] 
y-Fe |2244) — _ - = ‘ — 6,45 | 6,45 fh —2500 | —2800 [8] — _ 


Note: The figures in brackets } jare References. 
II. Ferromagnetic alloys 


Next, we turn to the disordered binary alloys Fe-Ni, Fe-Co, Fe-Cr and Fe-V. 
Of these only Fe-Ni and Fe-Cr have been investigated by neutron diffraction.14 
Below we shall consider the atomic magnetic moments m, m4, and mp of the alloy 
and its components A and B, respectively, inasmuch as only these have been 
determined experimentally. The quantity determined by the neutron diffraction 
procedure is the difference m,—mg, whereas the quantity determined by the bal- 
listic technique is m. Through a combination of the two procedures one can de- 
termine the "individual" moments of the components. 

Let us evaluate m as well as ma and mpg, by means of the proposed formulas. 
By analogy with Eq.(1) for pure metals, let us assume that the atomic magnetic 
moment of component A, which is ferromagnetic in the pure form (Co, Ni and Fe), 
is given by 


ma / Mp =Naa—nrea +1 + 0.642 > ni(ri— Ra) 4 + 0.642 ny (7, — R) ks, (12) 
i 
and the moment of component B, which is nonferromagnetic in the pure form (Cr, 
V, etc.) is given by 


mp / Mz = (Nap— Nsp)Ag |! t 0.642 n, (7; — Rg) dp + 0.642 n, (Ra — Rp) | (13) 


where 


R= haRa + deRp; (14) 


here A, and ig are the atomic concentrations of the components A and B; the other 
notation is the same as before. The plus sign in front of 0.642 applies when 
1<R; the minus sign when 7,>R. For metals that are antiferromagnetic in the 
pure form (Cr and V) the first two terms in (13) are disregarded; the sign in 
front of the brackets in (13) should be plus for solid solutions of Cr and V in 
Co and Ni, and minus for solid solutions of Cr and V in Fe. 

The mean atomic moment of the alloy is given by 


m = Lama a ABmp. (15) 


0 40 60. 100 
Ni, at. % 


M,MEe,/cq9e 


Fig.2. Values of the magnetic 
moments m,y,, mo, and ™ for Fe-Co 
alloys. Curves - calculated; 
points - experimental: 1) 

Weiss & Forrerl9, 2) Shull & 
Wilkinson!4, 
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«Fig.l. Values of the magnetic moments 
myi Mp. and mand of r,— for Fe-Ni alloys. 
The curves represent calculated values; the 
points experimental values: 1) Kondorskii 
& Fedotovil, 2) Shull & Wilkinson!4, 3) 
Peshardl5, 4) Marshl§, 


1. Fe-Ni and Fe-Co alloys 


The calculated and experimental values 
of the moments for Fe-Ni alloys, which crys- 
tallize in Al and A2 type lattices are shown 
in Fig.l. The variation of the moments m,, 
and m in the intermediate Al + A2 lattice 
interval is indicated by dashed lines. At 
Ni concentrations from 100% down to approxi- 
mately 67% the variation of mis linear; be- 
low 67% Ni the points and calculated plot 
deviate from a straight line. At about the 
same concentration the initially linear vari- 
ation of mype—) also deviates from linearity, 
and, moreover, r, becomes greater than R (the 
Mre—) values, given by the dash-dot line, are 
the values of mye obtained from the differ- 
ence Mpe—mMmyi<_0 as found from neutron dif- 
fraction data, whereas the values of mp, 
given by the solid curve, correspond to the 
difference Myre — my; >0. 

The corresponding curves for Fe-Co al- 
loys are shown in Fig.2. 


2. Fe-Cr and Fe-V alloys 


The curves for Fe-Cr and Fe-V alloys, 
given in Figs.3 & 4, show that with increase 
of the Cr and V concentration, the magnetic 
moments of these atoms increase from — 1M, 
to 0, attaining the latter value at concen- 
trations at which the solid solution lattice 
parameter a=R (40 atomic % Cr and 20 atomic 
% WV, respectively). At the same concentra- 
tions the variation of my. begins to deviate 
from the linear. 

In the case of Cr-Co and Cr-Ni solid 
solutions, the moment goes from 1M, (at do, 
= 0) to -6.40 Mg (at i, = 100%) for Co-Cr 
alloys and to -3.40 M, for Ni-Cr alloys. 
The corresponding changes in mcr are 7.40 Ms, 
and 4.40 Mz , respectively, i.e., are ap- 
proximately the same as those observed by 
Sadron’ for m in experiments with dilute 
solutions. 
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Fig.3. Values of the 
a-k.A magnetic moments 
] Myer Mg, and m and of 
a—k for Fe-Cr alloys. 
Curves - calculated; 
points - experimental; 
1) Fallot!7, 2) Shull 
& Wilkinsonl4, 3) 
Adcock18, 


MM, (¢9, ors Mg 


GOS 


Fig.4. Values of the 
magnetic moments 

Mpg My and m and of 
a—R for Fe-V alloys. 
Curves - calculated; 
points - experimental: 
1) Fallot!’, 2) Nis- 
jamal9, 3) Owawal9, 


Conclusions 


Fige4 The proposed empiri- 
cal formulas yield 
values that are in good agreement with experiment, 
in particular with the data of neutron diffraction 
studies. It would be desirable to have an experimental check of our results for 
alloys whose magnetic structure has not yet been investigated by neutron diffrac- 
tion. 


igo 
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INVESTIGATION OF THE MAGNETOELASTIC EFFECT IN FERRITES 
- L.N.Syrkin 


The variation of the initial permeability Ho With the tensile stress 0 ob- 
served! for some nickel-zinc ferrites substantiates the hypothesis that the ini- 
tial permeability of these ferrites is due to rotation processes. The same in- 
ference can be drawn from the results of our measurements of yw of ferrites as a 
function of the hydrostatic pressure p. The permeability measurements were car- 
ried out at two frequencies (50 and 100 kc) and at pressures up to 65 atm; the 
forward and reverse (increasing and decreasing pressure) 
curves virtually coincided. 

For nickel ferrite (sintered for 2 hours at 14009; 
Lo x 37) we observed an increase of HM, with p (Fig.1). 

In the experiment the magnetizing current was main- 
tained constant (corresponding field value Hm ~ 0.05 
FY, b oersted); hence using the curves of Fig.l and the thermo- 

0 4% 4 60p,atm. dynamic relation 
Fig.l. Variation of the 


permeability of nickel (55) ~ — er (32)" ; 

ferrite with hydrostat- 7 kaye 

ic pressure at differ- we could readily find the derivative 0w/0H (here w= 
ent frequencies of the = AV/Vo) of the volume magnetostriction as p—-0. 
alternating field: 1) The value obtained for 0w/dH proved to be -5-10712 
50 ke and 2) 100 kc. oersted1, 


Apparently the H dependence of w in this case is 
explained primarily by the effect of crystallographic anisotropy, which substanti- 
ates the hypothesis of the predominance of rotation processes in the mechanism 
responsible for the initial permeability of nickel ferrites. 

For nickel-zinc ferrite samples with an initial permeability of 88, we ob- 
served no variation of Uo with p (in the range from 0 to 65 atm), which may be 
explained by predominance in the given ferrite of wall displacement processes in 
weak fields. 

We also investigated the influence of unilateral compression on the magnet- 
ization and magnetic induction B in ferrites (in constant magnetic fields); this 
influence in many cases can be substantial. 

Sometimes the variation of B as a function of 0 is complicated and cannot 
be interpreted by means of the familiar thermodynamic relationships (this is 
natural inasmuch as these relationships are valid only for reversible processes 
and equilibrium states). 

In the case of some ferrites, with increase of the magnetizing field the 
sign of the magnetoelastic effect changes (Villari point), although there is no 
reason to assume that the sign of the magnetostriction changes. The reason for 
this effect is unclear. 

The character of magnetoelastic effects in ferrites is strongly dependent 
on the experimental conditions. 


*This relation follows directly from the equations 
(0V/dH),, = — (91/Op)yq; (9+-/OP) yy ~ 4n/H (81/dp)y; V = Vy (1 + ), 


where V, is the volume of the specimen at H = 0. 
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Pigec 
Fig.2. Variation of the induction in nickel ferrite as a function of compression. 
Curves obtained with switching (reversal) of the current. B(0) in gauss: 1) 

1400, 2) 620. 
Fig.3. Variation of the induction in nickel ferrite as a function of compression. 
Curves obtained without switching of the current by measuring the first throw of 
the galvanometer with the sample under load with subsequent removal of the load 
and demagnetization. Values of B(0O) in gauss: 1) 320, 2) 360, 3) 1110, 4) 1410, 
5) 2000. 


It will be apparent from a comparison of the curves of Fig.2 (obtained with 
reversal of the magnetizing current) with the curves of Fig.3 (obtained by mea- 
suring the first throw of the ballistic galvanometer with subsequent removal of 
the load and demagnetization) that if the field is not switched, the stationary 
magnetic state of the material with variation of the external load is disturbed 
in the same way as in the case of variation of the magnetizing field. In all 
cases the induction (magnetization) increases sharply, which can be explained by 
intense reorientation of the domains produced by the elastic wave2. As will be 
evident from Fig.2, appreciable magnetoelastic hysteresis obtains in nickel fer- 
rites. 

Further investigation of magnetoelastic effects in ferrites in the region 
of technical magnetization should facilitate solution of a number of problems 
connected with the mechanism of magnetic forces in ferrites (relation between 
displacement and rotation processes in magnetization, etc.). In addition such 
investigation may yield results of practical value. 
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NEW HIGH-COERCIVITY ALLOYS IN THE BINARY SYSTEMS Fe-Pt, Fe-Pd AND Ni-Pd 
- Z.1.Alizade 


Investigation of the magnetostriction of binary and multiple component al- 
loys of ferromagnetic Group VIII elements with nonferromagnetic elements of the 
Same group can yield valuable data for the development of the pertinent theory 
and information of practical value. 

We investigated the magnetostriction of Fe-Pt, Fe-Pd and Ni-Pd alloys in a 
wide range of Pt and Pd concentrations. In all, we prepared 26 samples of such 
alloys including one sample of pure Fe (99.99%) and one of pure Ni (99.99%), 
which were used as standards for checking the operation of the measuring equip- 
ment. 

After appropriate mechanical treatment (rolling and drawing), all samples 
were subjected to the following heat treatment: vacuum annealing for 12 hours at 


1150° (homogenizing diffusion anneal), followed by cooling to room temperature at 
the rate of 250° per min. 


A10° 


A, 10° 
-6 
X10 -90 
100 
150 
-60 
100 
50 
-30 
50 
Fe . Pt Fe Pd Ni Po 
0 40 80 a 40 80 0 20 40 60 80 
Pt, at. % Pa, at. % Pd, at. % 
Fig.l. Variation of the Fig.2. Variation of the Fig.3. Variation of the 
saturation magnetostric-— saturation magnetostric- saturation magnetostric- 
tion of Pt-Fe alloys tion of Pd-Fe alloys tion of Pd-Ni alloys 


with the Pt concentration with the Pd concentration. with the Pd concentration. 


Following this heat treatment we measured the magnetostriction by the strain 
gage procedure.!»2 The measurement accuracy on our experimental set-up was 3-5%. 

The results obtained for the Fe-Pt system are shown in Fig.1. It will be 
evident that the saturation magnetostriction of all the investigated samples is 
positive; in this respect the Fe-Pt system resembles the Fe-Co system. The maxi- 
mum saturation magnetostriction (Ag max = +130°107-%) was exhibited by the alloy 
having a composition close to Fe3Pt (~30 atomic % Pt). 

The results for the Fe-Pd system are shown in Fig.2. It will be apparent 
that the saturation magnetostriction of Fe-Pd alloys is also consistently posi- 
tive; the maximum value (Ag max = +194-10-6) was obtained for the sample having 
a composition close to Fe3Pd (~30 atomic % Pd). 

It will be evident from a comparison of Figs.1 & 2 that the concentration 
dependences of the saturation magnetostriction in the two systems are similar. 
| Fig.3 shows the results for the Ni-Pd system. The maximum saturation mag- 
netostriction is observed for the alloy having a composition close to Ni3sPd (~25 
atomic % Pd); As max = -94-10-5 i.e., is approximately three times higher in 
absolute magnitude than for pure Ni. It will be evident from Fig.3 that, in 
contrast to the Fe-Pt and Fe-Pd systems, the Ni-Pd system comprises a number of 
alloys with a high negative magnetostriction. 
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Thus we established that the binary systems of Group VIII metals include 
alloys with a maximum positive (Fe-Pt and Fe-Pd) as well as alloys with a maxi- 
mum negative (Ni-Pd) saturation magnetostriction. 

Azerbaidzhan Polytechnic Institute 
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COMMENTS ON REPORTS 


tt : : 
Re: Synthesis and magnetic properties of ferrites with a rectangular hysteresis 
loop by L.I.Rabkin, S.A.Soskin & B.T.Epshtein (Bulletin, Vol.22, No.10, 1210) 


Comment by Yu.V.Basikhin: 


The method of lines of ''fixed" valence of manganese ions (Mn2+, Mn3+, mn4t) 
allows of determining the theoretical boundaries between solid solutions of the 
ferrites Mn2*Fe.0, & MgFeo0,4 and the manganites MgMn3tog, Mn304 & MgoMn4*0 4 in 
the Mg0-Mn04-Fe90. diagram (where t > 1). Magnetic spinels with a well defined 
hysteresis loop are formed from solid solutions of the compounds Mn2*Feo04q, 
MgFe204 and MgMn3*0,. 

The synthesis procedure depends on and is dictated by the presence of Mn2t 
and Mn3+ ions. There is reason to assume that interaction of Mn2+ and Mn3+ ions 
is the determining factor where the conductivity and certain other properties of 
materials with a rectangular hysteresis loop are concerned. 

Molecular fractions of MnFeo04, MgFeo0, and MgMnoj0, determine the range of 
magnetic, electric and other properties of these materials. A detailed theoreti- 
cal analysis of the chemical nature of the materials comprised in the Mg0-Mn0;,- 
-Fe 20, system will be published in the near future. 


Re: "Concerning the temperature dependence of the magnetic properties of high co- 
ercivity alloys" by N.A.Baranova & Ya.S.Shur (Bulletin, Vol.22, No.10, 1263) 


Comment by K.B.Vlasov: 


The specific character of the temperature dependence of the coercive force 
in certain heterogeneous hard magnetic materials, such as those discussed by 
‘Baranova & Shur, and, specifically, the presence of a maximum in the He vs tenm- 
perature curve can be explained if we assume that the coercive force in these 
materials is determined primarily by the anisotropy of the stray magnetic fields 
(internal demagnetizing fields). This anisotropy may be due to the fact that 
segregations of one of the phases have an elongated shape or the fact that the 
distribution of these segregations is anisotropic. Inasmuch as both the precipi- 
4 tated phase and the matrix are ferromagnetic, the 
stray field energy will be proportional to the 
square of the difference between the spontaneous 
magnetizations of these phases (I, —/s,)*. This ener- 
gy, when anisotropic, will play the role of an 
anisotropy constant in the expression for He. It 
will be apparent from the diagram that if the ferro- 
magnetic phases (segregated phase and matrix) have 
different Curie points (0, and 65) the difference 
(,,—J,,) and, consequently, He as well can increase 
7 with temperature in a certain temperature interval. 


3) 
~X 
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Re: "Properties of NiFeg04-MgFe 90, solid solutions’ by N.A.Smol'kov & Yu.P. 
Simanov (Present issue of the Bulletin, p. 299) 


Comment by B.E.Levin & L.I.Kontorovich: ON THE THERMODYNAMICS OF THE FERRITE 
FORMATION REACT ION 


In the preparation of ferrites from pure oxides, the synthesis of ferrite 
spinels generally occurs in the solid phase. Within the sintering temperature 
range generally employed in the fabrication of ferrites, i.e., in the range of 
temperatures up to 1350e4 little or no liquid phase forms (for example, there 
is no liquid phase in the synthesis of Mg-Al, Mg-Cr and. Mg-Mn ferrites). 

According to the phase rule as it applies to systems at constant pressure, 
the number of degrees of freedom F =C - P +1. For the ferritization reaction 
MeO + Fe90, = MeFe20,4, P = 3, C = 2 and, consequently, F = 0. 

With the pressure constant, the only variable factor is the temperature; 
consequently, there exists a threshold temperature above which the formation 
process becomes thermodynamically probable. This threshold temperature, at which 
ferrite formation can begin, can be theoretically determined from calculations 
of the temperature dependence of the free energy of the ferritization reaction. 

Appreciable difficulties are encountered in selection of appropriate thermo- 
chemical data for the ferrite formation reaction, since we do not have the thermo- 
dynamic characteristics of most ferrite formation processes from pure oxides at 
elevated temperatures. Even greater complications arise when we come to consider 
systems composed of technical grade materials inasmuch as in the presence of vari- 
ous impurities the ensuing reaction may be characterized by several degrees of 
freedom. 

A search of the domestic and foreign literature!-5 revealed data on the 
thermodynamic properties of only the MgO + Fe903 = MgFeo04 reaction. 


Conclusions 


1. Thermodynamic analysis of the ferritization reaction shows that the syn- 
thesis of the ferrites in the solid phase is characterized by a system with no 
degrees of freedom. 

2. In the case of formation of magnesium ferrite from the pure oxides, there 
is thermodynamic possibility of the reaction occurring down to 298°K or even 
lower. 

3. When the reagents are technical grade materials, i.e., when impurities 
are present, the formation reaction takes place in a complicated thermodynamic 
system and may be characterized by a number of degrees of freedom. Determina- 
tion of the probability of the ferritization reaction occurring in such cases 
will be feasible only after there have been accumulated sufficient experimental 
data on the thermochemical characteristics of ferrite formation processes. 
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Re: "Rate of magnetization reversal in ferrites" by R.V.Telesnin & E.F.Kuritsyna 
(Present issue of the Bulletin, p.340) 


Comment by D.E,.Bondarev: 


The authors carried out their experiments in fields tens of times greater 
than the coercive force; consequently, their data pertain to such strong fields. 

In the case of fields of an order of the coercive force, the authors refer 
to the results of Menyuk & Goodenough! who observed only a single peak; this 
leads them to conclude that the first peak does not occur in ferrites. This is 


not borne out by experiments. 
In pulse magnetization of 
ferrites with careful con- 
trol of the amplitude-time 
relationship, two peaks 
are clearly observed. 
Characteristically, under 
the influence of external 
magnetic fields both the 
first and the second peaks 
equally degenerate into a pulse with a single maximum. The accompanying figure 
shows a family of oscillograms of output pulses with compensation by external 
fields. Each "marker'’ equals 0.5 microsec. The first peak is probably associ- 
ated with rapid rotation of the magnetization vector of preferentially oriented 
domains; the second maximum is probably due to magnetic aftereffects and the in- 
fluence of microcurrent fields. 
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i Comment by: Yu.M.Shameav: EQUIVALENT CIRCUITS AND DYNAMIC CHARACTERISTICS OF 
FERRITES 


As various studies! have shown, the dynamic characteristics of ferrites 
can be described by the equation f (B,H,dB/dt...) = 0, relating B, H and their 
derivatives. The geometric representation of this relationship is a hyperbolic 
surface in phase space.! Furthermore, this equation can be "matched" by one or 
more electric circuits. Thus the dynamic characteristics of ferrites can be 
represented in three ways: by a surface, by an equation or by an equivalent cir- 
cuit. The surface representation helps visualize the relationship and allows 
of carrying out graphical analyses. For analytic calculations it is obviously 
preferable to use the equation. In considering specific electric circuits NO 
ing a coil with a ferrite core, it is most convenient to use an appropriate equi- 
valent circuit. 

In the case of pulse magnetization reversal, the coupling coefficient is 
close to unity (there is virtually no stray flux in the case of ferrites). Conse- 
quently, the equivalent circuit consists of a parallel L and r network (r takes 
into account the loss in the core). A linear equivalent circuit of this type 
corresponds to taking viscosity into account according to Arkad'ev%. 

Actually, as experiments show, a linear circuit, even a more complicated 
one, cannot with any degree of accuracy describe the behavior of ferrites with 
a rectangular hysteresis loop in pulse switching. Even less representative in 
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: 6] 
this respect is the equivalent circuit with only resistance proposed by Sands 


although this circuit does yield the approximate energy relationships. 
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Comment by Yu.M.Shamaev, G.F.Lisitsyn & A.I.Pirogov: ON THE DYNAMIC CHARACTER- 
Netclae dada s Mai ot Shy tei Made tena AA Dec lama tach Meet Spies Ea A ial SAS 1 
ISTICS OF FERRITES 


1. It is known from analysis of experimental data that the dynamics of mag- 
netization switching in ferromagnets in each specific case is characterized by 
its own B(H) loop and that the static loop B(H,gz) has no definite bearing on the 
dynamics of the switching process. The factors influencing the dynamics of the 
magnetization reversal process in sinusoidal fields are the frequency and ampli- 
tude, in pulse fields the shape and height of the pulse; the static hysteresis 
loop is only a particular case of the dynamic characteristics for very slow mag- 
netization reversal (dB/dT ~ 0). 

Experimental studies show that the B(H) characteristics differ substantial- 
ly under different pulse magnetization reversal conditions. Similar results ob- 
tain for sinusoidal fields: at constant amplitude, the characteristics differ 
for different frequencies; at constant frequency, they differ for different am- 
plitudes. 

2. Our set-up for investigating the dynamic characteristics of ferrites in- 
cluded a current pulse generator and two indicators, one for observing magnetiza- 
tion reversal, the other for monitoring the current pulses. The current ampli- 
tude was varied from 0 to 9 amp (9 amp corresponds to a peak field of 100 oersted 
in the investigated samples). The rise time was varied from 0.02 to 0.8 micro- 
sec; the pulse duration was constant and equalled 1.0 microsec. As the indicators 
we used I0-4 type oscillographs with modified input sections; as a result of modi- 
fication the input capacitance of the instruments did not exceed 10 pf which in- 
sured the requisite wide band characteristics. This was realized by using a 
13L03 tube and bringing the deflecting plate leads out on the top panel. The 
last is important inasmuch as bringing out the deflecting plate leads on the 
front panel does not yield satisfactory results: in this case the input capaci- 
tance is about 45 pf. 

We investigated a large number of different types of ferrites (VT-1, VT-2, 
VT-4, series K, etc.) on this set-up. All the experimental results substantiate 
the necessity of taking into account the auxiliary characteristics of the dynam- 
ics of processes in ferrites, i.e., the relation betweem B, H, and their time 
derivatives. That B, H and dB/dt are related in the presence of viscosity has 
been noted by Arkad'ev!, ‘The necessity of taking into account other derivatives 
in the general case has been pointed out by Polivanov2. 

3. Analysis of the experimental results indicates that all the principal 
characteristics of different types of ferrites are analogous. 

Oscillograms of the current pulses taken off the control resistance and the 
voltage on the measuring winding are reproduced in Fig.l. As will be evident 
from the oscillograms, the magnetization switching time may be longer (Fig.1l,a) 
or shorter (Fig.1,b) than the pulse rise time Trt. 
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If the reversal occurs within a time that 
is shorter than Trt, Obviously, the dependence 
of the switching time T on the current ampli- 
tude is evinced to the extent that the rate of 
current increase di/dt with a constant rise 
time changes. Hence the character of the mag- 
netization reversal process is substantially 
different when T< 71,4 as compared with the case 
when T>Tyt- This explains the distortion of 
the 1/t = f(Hm) at amplitudes of the magnetiz- 
ing field H, equal to what might be termed the 
critical amplitude Hcy, i.e., the amplitude at 
which the switching time Tt equals Ty. 

Distortion of the characteristics may also 
be observed at values of the external field be- 
low the critical; in this case the distortion 
is explained by shortcomings of the indicating 
Fig.l. Current and voltage oscil- device (distortion of the pulses due to inade- 
lograms;: a) magnetizing current quate width of the passband of the oscillograph). 


amplitude I, = 1.3 amp, pulse The characteristics of a magnetic material can 
rise time 0.03 usec, voltage be determined with the requisite accuracy only 
amplitude V, = 18.5 v, magnetiz- if the switching pulses are sufficiently steep, 
ation switching time T = 0.12 the oscillographic indicator has wide band 
psec; b) magnetizing current characteristics, and the technique of measur- 
amplitude I, = 8.0 amp, pulse ing the supershort pulses is sufficiently re- 
rise time 0.03 usec, switching fined. 

time T = 0.02 usec, voltage am- We obtained the 1/t = f GD pulse charac- 
plitude V,, = 94 v. teristics for different ferrites and different 


rise times of the switching pulses. The switch- 
ing time tT was determined from the voltage pulses on 
the winding surrounding the ferrite at the 0.1 Vy 
level. 

The experimental characteristics in a wide range 
of variation of the magnetizing field are closely 
approximated by an expression of the form (H—H,)t=S,,. 

It should be noted (Fig.1) that there is a lag 
between the current pulse and the voltage pulse, 
which can be explained by the existence of a starting 
ja field, i.e., a threshold field for magnetization re- 
se ES versal. In the first approximation it may be assumed 
Fig.2. Tyt/t = f (Ap/Hey) + that the magnitude of the starting field does not de- 


Points - experimental pend on the magnetization reversal conditions and is 
values obtained with dif- numerically close to the coercive force H,.- 

ferent parameters of the Of particular interest are the (dB/dt),,,,=f(A), 
field pulses for differ- curves, which prove to be almost linear. Obviously, 
ent types of ferrites; the (dB/dt),,,=f(1/7) curves are also linear. 
line - curve calculated It is sometimes asserted that the first peak in 
by means of Eq. (6) the voltage pulses is due to air coupling between the 


windings (magnetizing and measuring); this assertion 
is not supported by our experimental results. 
4. With different durations of the linear pulse front and different pulse 
amplitudes the magnetization reversal processes differ substantially, if the mag- 
netization switching time is shorter or much longer than the pulse rise time. 
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Fig.2 shows the variation of Ty4/t as a function of Hp/Hey obtained with 
different amplitudes and rise times of the external field (Ty; is the pulse 
rise time, tT is the magnetization reversal or switching time, H, is the ampli- 
tude of the external field and H,; is the critical value of the external field 
at which Ty;+ = T). 

As will be evident from the figure, within the limits of the experimental 
error all the points fit a single curve, the linear section of which corresponds 
to T>Ty¢ and the bend in which occurs where T<T,4- From this we infer a) that 
there is a certain general similarity between the processes of pulse magnetiza- 
tion reversal in ferrites with nonlinear characteristics, b) that the observed 
limiting value of the switching time in ferrites is determined primarily by the 
potentialities of the experimental set-up and c) that it is expedient to deter- 
mine S,, and H, in the equation (H,,—H,)t=S, for values of T>Trt, i-e., on the 
linear section of the 1/t = f (Hy) curve. 

The indicated dependence can also be deduced analytically from the dynamic 
characteristics of ferrites taking into account the relation between B, H and 


at least dB/dt. If we set 


dB/dt = f (B) fz (H), (1) 


then for Tyt&K T the solution of (1) may be written in the form 


fo(H,,) t= S,,, = const, (2) 
where 
Bim 
‘Sos _aB 
cy i fi (B) * (3) 


From experiment under these conditions, we have for H,,>H,: 
(Hi, — Ho) t = S.,,; (4) 


consequently, with H>H, for any arbitrary /,(B), we can set 
fa(H) =H — Hy. (5) 


Solving (1) under condition (5) for a linearly increasing field (rise time 
Trt to amplitude H,,), we obtain 


4 fo 
Hl, PAE boty de Be ea 
H H ru 
rpaley )igawite fo} hea 
A 
i ie os (6) 
Hig Pie eae Ss 
m/ CF ee ble ? T> Tht, 
0 Ge 
and 2 2 
Sues hi ere oe 
w 2 To ee (7) 


which is in good agreement with experiment (see Fig.2). 
Knowing sS,, for different types of ferrites, w 
é : e can readily dete 
switching time with current pulses of any Bo oee From a plot o; ee 


Q =) ar — Hoar, (8) 
0 
we can determine T as the time at which Qw=S 
w 
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Knowing Tt and H(i), we can determine S,, from the relation 
5, =\ (1 — Ay) at, (9) 


0 
reckoning the time from the instant when H = Ap. 
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Re: "Ferrites with a high saturation magnetization and a narrow resonance absorp- 
tion curve at super-high frequencies” by V.A.Fabrikov, V.D.Kudryavtsev & Z.M. 
Gushchina(Present issue of the Bulletin, p. 359.) 


Comment by A.G.Shishkov: NICKEL-COPPER FERRITES WITH A NARROW RESONANCE ABSORP- 
TION CURVE AT SUPER-HIGH FREQUENCIES 

1. The proportionality between the width of the resonance line and the 
limit frequency (AH~o,;,=y4%,cs) , mentioned in the report, clearly follows from 


the relation for the spin relaxation frequency entering into the familiar Landau- 
Lifshits equation 


— q) 


where 2. is a constant characterizing the material from the standpoint of scatter- 
ing of high-frequency magnetic energy and y and /, are also constant at a given 
temperature. Consequently, at constant temperature the ratio of the resonance 
curve width to the resonance field (or to the limit frequency) remains the same 
at all super-high frequencies. 

In the presence of wall displacement processes the fundamental friction coef- 
ficient © entering into the wall motion equation, as has been shown by Landau, 
Lifshits and other authors, bears a simple relation to the relaxation frequency: 


AA. BBV TK] (2) 
ave Zax? Ve Ale > 
where Y gyromagnetic ratio, K is the anisotropy constant and A is the exchange 
constant. 

The existence of such correlation between the spin relaxation frequency and 
the friction coefficient of the moving walls can, on the one hand, be interpreted 
as an explanation of the mechanism of friction in the motion of the walls through 
‘the spin relaxation frequency (the nature of which is not explained by Landay & 
Lifshits) (this is the interpretation given by Galt and others) or, on the other 
hand, this correlation, in our opinion, makes it possible through clarification 
of the nature of magnetic friction (2) to gain a clearer understanding of the as 
yet obscure nature of the spin relaxation frequency id. 

2. It was stated in the report under discussion that copper-nickel ferrites 
have two critical concentrations (14.5 and 33% Cu) outside the range of which 
there is observed an appreciable increase in the width of the resonance line. 

The first critical concentration (14.5% Cu) coincides with the point of sharp 
increase in grain size, when the magnetic properties of the material improve. 
In the region of the second critical concentration, the electric resistivity of 
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the ferrite falls off sharply with increasing copper content. — Apparently, this 
coincidence is not fortuitous. From our point of view there is a definite rela- 
tion between the conductivity of the ferrite and the friction coefficient, and 
further, as follows from Eqs. (1) and (2) there is a relation between the conduct- 
ivity and the width AH of the resonance line. With increasing copper concentra- 
tion the conductivity of the ferrite increases, which leads to increase of ano 
consequently, of the relaxation frequency, as well as of the resonance line width. 

3. At present there are a number of experimental procedures for evaluating 
the magnetic friction coefficient: 

1) from the frequency dependence of the initial permeability, 

2) from experiments on single crystals concerned with determining the rate 
of wall motion as a function of the applied constant field, 

3) from determination of the rate of magnetization reversal in polycrystal- 
line samples with rectangular hysteresis loops, 

4) from experiments on ferromagnetic resonance (line width) ; 

5) by investigation of the magnetic viscosity under pulse conditions, and 

6) from the frequency dependence of the permeability in fields close to the 
coercive force. 

The existence of correlation between magnetization by rotation and by wall 
displacement, which was established in the well known work of Landay & Lifshits, 
makes it possible to compare the results of measurements by procedures 1, 2 and 
4. 

It should be noted that the above described procedures, despite marked dif- 
ferences in the frequencies and field strengths employed and the magnetization 
mechanisms involved, yield very close values of the frequency coefficients. 


Re: ''Magnetostriction of nickel-iron-molybdenum alloys’ by I.M.Puzei & B.V.Molo- 
tilov (Bulletin, Vol.22, No.10, 1236.) 


Comment by G.P.D'yakov & V.A.Yugov: USE OF VERY THIN FILMS AS RESISTANCE STRAIN 
GAGES FOR MEASURING MAGNETOSTRICTION 


Molotilov and Puzei in their work paid particular attention to improving the 
technique of measuring magnetostriction. This is undoubtedly an important matter. 
In this connection we would like to report briefly on the results of measure- 
ment of magnetostriction by means of a new type of "tensometer" or strain gage. 
For our resistance strain gage elements we used 


ae thin films of constantan and other materials applied 
20 A Pay sii to poe snecinen by vacuum evaporation. The first 

F y pk experiments with the new strain gages were carried 

5 ! out on an oxidized nickel specimen. The magneto- 


\ 
\ 
| 


striction was measured at various angles to the 
applied magnetic field. The results for one disk 
are shown in the accompanying figure. These data 
show that the longitudinal magnetostriction is two 
times greater than the transverse magnetostriction, 
which is in agreement with Akulov's second even 
effects rule. 

The encouraging results obtained with the new 
gages give reason to hope that they may find wide 


application for measurement of magnetostrictive and 
other strains. 
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DOMINANT TRENDS IN MODERN ELECTRON MICROSCOPE DESIGN 
- V.N.Vertsner 


Electron microscopy has made great progress in the last decade. This pro- 
gress has been greatly furthered by the design and commercial production of elec- 
tron microscopes of different types. 

On the basis of mode of operation modern electron microscopes may be sub- 
divided into: 1) "conventional" transmission microscopes with imaging by trans- 
mitted electrons, 2) reflection microscopes with imaging by reflected electrons, 
3) shadow microscopes, 4) scanning microscopes and 5) emission microscopes, 1. er; 
microscopes for investigating radiating objects. 

Advances in electron microscopy have also stimulated the invention and de- 
velopment of various allied types of instruments which include instruments for 
microanalysis with reference to electron and x-ray spectra, x-ray microscopes, 
high resolution electron diffraction cameras, etc. 

Until now only microscopes intended primarily for transmission studies have 
been extensively produced by the industry and widely used in research. Other 
types of electron microscopes are still being built only on order as individual 
instruments. However, a number of commercial instruments now have provision for 
work with reflected electrons, investigation of field emission and recording elec- 
tron and x-ray shadow images. 

An increasing number of firms in different countries are now engaged in com- 
mercial production of one or more models of electron microscopes. Thus there is 
now a need for some consistent system of classification. Hitherto, electron mi- 
croscopes have been rather arbitrarily characterized according to the types of 
lenses used (magnetic or electrostatic) , according to size (small or large), or 
as universal or non-universal instruments, depending on whether they were designed 
to perform several or only one function. 

In our opinion the classification should be based on the principal character- 
istic of every electron microscope, namely, its resolving power. Accordingly, 
electron microscopes now being produced can be subdivided into three classes: 
‘class I - instruments with ultimate resolution: 15-10 A, class Il - high resolu- 
tion instruments: 30-20 A, and class III - low resolution: 60-40 A and lower. 

Most widely used now are instruments of class II. Ultimate resolution in- 
struments in individual cases now attain a resolution of 7-8 A. 

The principal optical and electrical characteristics of a number of commer- 
cial electron microscopes of domestic and foreign manufacture, arranged in ac- 
cordance with this classification are given in Table 1 (the EM-5 and UEMB-100 
microscopes will soon be put into batch production by our industry). 

Most electron microscopes have magnetic optics (in the Hitachi HM-3 and HS-6 
instruments permanent magnets are employed for focusing). Electrostatic lenses 
‘are employed in both Zeiss instruments and in the microscope produced by the Far- 
rand Optical Co. A microscope manufactured by a Swiss firm Triib-Tauber has one 
electrostatic lens (condenser), the others being magnetic. At present the reso- 
‘lution of instruments with electrostatic optics is generally somewhat lower than 
that of magnetic instruments. 

In parailel with classification of electron microscopes as regards resolving 
power one can also distinguish the instruments as regards complexity of MEE 

The illuminating systems of low and high resolution microscopes consist of 
‘a long focus electron gun (the Zeiss electrostatic microscope and the TRS-50E1), 
a short focus gun (JEM-Tl & Elmikroskop-II) or a combination of a short focus gun 
‘and an electromagnetic condenser lens (most high resolution microscopes). vite 
mate resolution microscopes generally employ a double condenser, a so-called fine 
beam or pencil condenser, by means of which the illuminated area can be restricted 


- 414 - 


*Ministry of the Radio Engineering Industry 


Table 1 
Principal characteristics of modern electron microscopes 
Designation Manufacturer Resolving Magnification accelerating 
& country power,A potential ,kv 
se cotntry PONE eee 
Class III - Low Resolution Instruments 
HM-3 (with 
permanent Hitachi, Japan 80 from 1500 to 40 
magnets) 5000 
JEM-T1 Electron Optics 50 2500 , 3500 , 5000 50 
Lab. , Japan 
Mass (elec- Zeiss, Germany 50-60 700 ,1200 , 4000, 70 
trostatic) 10 000 
EM-75B Philips, Holland 50 1200 to 12 000 10 to 75 
SM-C3 Shimadzu Saysakusho, 40 500 to 10 000 50 
Japan 
EM-3 Opt.-Mech. Ind. , USSR 60 250 to 25 000 30 ,40 ,50 
UEM-100 MRT P* USSR 50 200 to 40 000 40 ,60,80, 
100 
Class II - High Resolution Instruments 
HS-6 (with 
permanent Hitachi, Japan 25 2000 to 20 000 50 
magnets) 
EMU- 3A RCA, USA 20 1400 to 30 000 50, 100 
JEM-T 4 Electron Optics 25 2000 to 20 000 50 
Lab. , Japan 
EM-100B Philips, Holland 15-20 600 to 90 000 40 to 100 
Elmikro- 
skop-II Siemens, Germany 25 750 to 15 000 40 ,50 ,60 
TRS-50E1 Akashi, Japan 20 60 to 30 000 50 
SMU-80 Shimadzu Saysakusho, 20 up to 50 000 80 
Japan 
Elmi-2D 800, 2000 , 3000, 
(electro- Zeiss, Germany 25-30 6000 ,8000, 50 
static) 12 000 
EM-5 Opt.-Mech. Ind. ,USSR 20 1000 to 100 000 40 ,50 ,60 
Class I ~- Ultimate Resolution Instruments 
JEM-5 Electron Optics 10 800 to 100 000 50 ,80 ,100 
Lab. , Japan 
HU-10 Reka, Japan 10 up to 100 000 50 ,75,100 
are Metro.Vickers, Eng. 15 1000 to 100 000 50 ,75,100 
Elmikro- 40 ,60 
skop-I Siemens, Germany 10 500 to 160 000 80,100. 
UEMB-100 MRTP* , USSR 15 up to 160 000 50,75,100 


Note added in proof: The Philips Company in Holland recently introduced a class 


I microscope, the EMV, with a resolving power of 10 A, 


20 000 X and accelerating potentials from 30-100 kv. 


magnifications from 1000- 
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to 2-4 u. Recently, emitters in the form of a 
sharp point have been introduced; in the TRS-50E1 
microscope the needle-point cathode is oxide 
coated (Fig.1l,e). 

In simplified instruments (JEM-Tl, EM-75B and 
Elmikroskop--II), the magnifying system consists 
of an objective and a projector lens (Fig.2). 
Other microscopes have in addition an intermediate 
(projector) lens, the introduction of which has 
substantially expanded the potentialities of elec- 
tron microscopes; the use of the intermediate lens 
has made it possible (without lengthening the in- 
strument) to extend the range of continuously vari- 
able magnifications, to have a constant image field 
covering the full size of the final screen and to 
carry out electronic microdiffraction from known 
local sections of the object (Fig.3). Some elec- 
tron microscopes have additional special lenses in- 
tended specifically for electron diffraction work. 


e; W A new development is the introduction of a second 
‘ compensating objective in the Japanese JEM-5 micro- 


scope. Some microscopes now have as many as eight 


© lenses. 
The increase in resolution of electron micro- 


scopes attained over the last decade can largely 


Fig.l. Different illuminat- be attributed to the introduction of 'stigmating” 
ing system designs employed devices for compensating astigmatism, particularly, 
in electron microscopes: a) that of objective lenses. Usually the compensating 
long focus electron gun, b) devices are electric or magnetic and allow of regu- 
short focus electron gun, c) lation during operation of the microscope. Astigma- 
short focus gun with conden- tism cannot be eliminated solely by enhancing the 
‘ser lens, d) double conden- accuracy of fabrication of the pole pieces, since 
ser, e) needle point elec- even if the ellipticity of the internal channel is 


trodes; 1 - cathode, 2 - 
focusing electrode, 3 - 


reduced to 0.1-0.2 noticeable astigmatism persists; 
this is due to inhomogeneity of the pole piece mate- 


anode, 4 - condenser, 5 - rial and the influence of charges and other factors 


object. 


Fig.2. Optical sys- 
tem of simple elec- 
tron microscopes. 


on the electron beam. 

In recent designs compensating devices to minimize astig- 
matism have been provided in other lenses as well (narrow beam 
condensers, intermediate lenses, etc.). 

Low resolution instruments are characterized by relative- 
ly low magnifications - up to about 12 000. Usually the mag- 
nification can only be varied in steps. In most high resolu- 
tion instruments, the magnification is continuously variable 
from 500-1000 to 10 000-30 000; in the Philips EM-100B and in 
our EM-5 instrument the upper limit is 90 000. Magnifications 
up to 100 000 are available in ultimate resolution instru- 
ments; the Elmicroscope-I and the UEMB-100 instruments have 
a top resolution of 160 000. To facilitate observation of 
the final image and focusing all instruments are equipped with 
low power binocular microscopes. 

All commercial microscopes can be used for transmission 
studies in bright and dark fields and for recording stereo- 
scopic views (usually with angles of 8-10°, and up to 20° in 
the EMU-3A microscope). Most microscopes (the JEM-Tl, EM-75B 
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Fig.3. Possible modes of operation of electron microscopes with intermediate 

lenses: 1) low magnifications, 2) dark field studies, 3) high magnifications, 4) 

local electron microscopy, 5) microdiffraction studies, 6) electron diffraction 

in converging beam, 7) shadow microscopy, 8) electron diffraction in divergent 
bean. 


and Elmikroskop-II are exceptions) have provision for microdiffraction studies 
and conventional electron diffraction work. Ultimate resolution microscopes can 
also be used for microscopy in reflected beams. To this end the Japanese JEM-5 
microscope, instead of mechanical tilting of the illuminating system, employs 
magnetic deflection of the electron beam. In this instrument also the specimens 
can be heated to 1000° or cooled to -180° during observation. 

By way of illustration of the increasing complexity of instruments with in- 
creasing resolution one can cite the three instruments JEM-Tl, JEM-T4 and JEM-5 
put out by the Japanese firm, Electron Optics Laboratory. In going from low to 
ultimate resolution the number of control knobs increases and the design and oper- 
ation of the instrument become more and more complex (Fig.4,a,b & c). 

Requirements as regards adjustment and alignment become increasingly more 
exacting as we go from class III to class I. In ultimate resolution instruments 
the tilt of the illuminating system with respect to the objective axis must not 
exceed 1°1074 radians with an illuminator aperture of 5-10-73 radians. For instru- 
ments with a resolution of 20 A (class II) the tilt angle should not exceed 2.5: 
-10-3 radians. 

The adjustment of the microscope as a whole must insure centering of the 
image along the instrument axis to within 1 uw with variation of the current 
through the objective coil from zero to the maximum value. 

Electron microscopes must also meet rigid requirements as regards invariance 


of their principal parameters. The tolerances for microscopes of different re- 
solving power are listed in Table 2. 
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Table 2 
Requirements as regards invariance of 
principal parameters for microscopes 
of different resolving powers 


Para- Resolution 
meters*| 5.5 | 10 | 20 | 
x 1079 
x 107-9 
UL 
a milli- 
2x vax = oersted 
oe iy ToL 
4 SS Sse? *U - accelerating potential, I - 
it SUICUB current in objective winding, AI, - 
Z = astigmatic current difference, Af, - 
Cae 4 astigmatic focus difference, AH - per- 
i KK A turbation of internal field by extern- 
aN N al fields. 
a7 Y 
20 ERS : 
NST 
2/ wet be] It will be evident that with in- 
7 7 ESS aN creasing resolving power the require- 


ments as regards mechanical precision, 
stability of the electric power supply, 
symmetry and alignment become increas- 
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, i} (re WiGees resolution instruments must have speci- 
7 Di | al training and a high degree of skill 
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Uy Ra SN i i 
( Rg SS =H} 1 alignment of the microscope but also 
= S iar “8. in preparation of suitable specimens. 
Ne Without such training and skill opti- 
yy mum results cannot be obtained even 
OD with the best instrument. In fact, 
» GF owing to the complexity of ultimate 
UY ae resolution microscopes, operators of 
average skill and experience can often 
\7e8 obtain better results and higher ef- 
NZ . * * 
= be fective resolutions with class II 
rs 6 ae. \ 7S instruments. 
Fig. 4c ) viewing mapnifier. Another "short-coming" of ulti- 


mate resolution instruments stems 
from the tendency to make them instru- 
ments of the universal type. One can 
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scarcely imagine a biologist ordering a complex measuring 
scope for his work even if such instruments were equipped 
jectives. Yet this is what has to be done in the case of electron microscopes, 
Since only universal type ultimate resolution microscopes are being produced. 
Another argument against making high and ultimate resolution microscopes too 
versatile is the resultant high cost. 

In view of the great difficulties experienced by users in adjusting and 
aligning ultimate resolution microscopes, there is a tendency, on the one hand, 
to facilitate making fine adjustments by the introduction of auxiliary devices 
and, on the other hand, a tendency to modify the design of microscopes to make 
them less sensitive to deviations from ideal centering. 

To facilitate fine alignment, some modern microscopes provide for surposi- 
tion of an alternating voltage with an amplitude up to 1000 v on the rectified 
accelerating potential or auxiliary fields to deflect the electron beam. 

To reduce the distorting influence of misalignment, achromatic optics are 
employed in some instruments. The objective and projector lenses are designed 
so that changes in the electron velocity, i.e., in the accelerating potential, 
would produce an equal but opposite change in the magnification of the two lens- 
es (decrease in one and increase in the other). The coils of the two lenses are 
also connected so as to produce compensating rotations with variation in the ac- 
celerating potential. Thus through properly compensated design of the objective 
and projector lenses there should be minimal deterioration of the quality of the 
image even if the part of the image being viewed on the final screen does not co- 
incide with the center of the intermediate image and is not aligned with the ob- 
jective-projector lens axis. Without such compensation, in case of decentering 
the chromatic aberration may be so great that the quality of the image is severe- 
ly impaired. 

The introduction of achromatic optics not only extends the tolerance as re- 
gards centering but also liberalizes the requirements as regards stability of the 
accelerating potential. 

In view of the complexity of modern high and ultimate resolution electron 
microscopes, there is a natural tendency to simplify their design and operation. 
Although such simplification may be at the sacrifice of ultimate resolution, it 
is frequently worthwhile in view of the gain in ease of operation. Naturally, 
compromise solutions must be sought in each individual case. 

Thus, centering can be appreciably improved in the absence of adjusting de- 
vices by appropriate positioning of the pole piece sleeves and liners used in the 
objective lenses of some microscopes. Minor inhomogeneities of the material and 
variations in the pole piece geometry are compensated in this manner. The sleeves 
or liners are adjusted and positioned at the factory and the settings are appro- 
priately marked to facilitate subsequent demounting and reassembly. 

To eliminate astigmatism, the designers of the Akashi electron microscope 
provided special pole pieces with constant correction, adjusted in the factory, 
which in conjunction with good mechanical centering of the microscope column and 
careful choice of magnetic materials makes it possible to obtain a resolution of 
20 &. Such fixed (nonadjustable) "stigmators’, the use of which greatly facili- 
tates work with the microscope, naturally do not fully correct the astigmatism of 
the objective lens inasmuch as they cannot compensate variable astigmatism due to 
accumulation of local charges on contaminated surfaces and at the edges of the ob- 
jective aperture particularly where it deviates from an ideal circle. Such vari- 
able astigmatism can be corrected only in microscopes with compensating controls. 

Attempts to simplify the supply circuit through the use of permanent magnets 
have not led to noticeable simplification of the instrument: introduction of the 
magnetostatic components results in complication as regards focusing of the object- 


or metallurgical micro- 
with the requisite ob- 
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ive lens and a loss in flexibility of the optics as compared with instruments 
with electromagnetic focusing. 

Researchers working with high and ultimate resolution electron microscopes 
must be capable of preparing specimens with high contrast. This is essential in 
order to obtain high or ultimate resolution, when the elements of the object as 
regards their scattering power must differ substantially from the film support. 
To this end objects are now usually mounted on a very thin filn, centered over a 
hole in a carbon membrane. In some cases specimens are mounted on asbestos fibers 

Special objects in the form of carbon membranes with an opening must also be 
prepared as test specimens for alignment and focusing of the instrument by obser- 
vation of Fresnel diffraction. 

In connection with preparation of specimens, one might note the wide use of 
ultramicrotomes by means of which one can now make sections with a thickness of 
only 50-70 A; the development of such microtomes for ultrathin sectioning has 
greatly extended the range of application of the electron microscope in biology 
and other fields. By means of diamond knives one can now make sections of hard 
substances such as bones, minerals,alloys, etc. 

In conclusion, I want to make mention of work now being done for correcting 
spherical aberration through the use of nonaxially symmetrical electromagnetic 
fields. If this work is successful, it should be feasible to use objectives with 
a larger aperture and hence with a smaller diffraction error. The last in modern 
microscopes, as is known, is equal in magnitude to the error due to spherical 
aberration as a result of use of small apertures. Increase in aperture size, how- 
ever, will lead to increase of the chromatic error; presumably this can be re- 
duced by means of chromatic filters. 
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ELECTRON MICROSCOPE-DIFFRACTION CAMERA WITH A 400 kv ACCELERATING POTENT IAL 
- N.M. Popov 


Hitherto most electron-optical investigations of the microstructure of mate- 
rials have been carried out by means of electron microscopes and diffraction 
cameras with accelerating potentials from 50 to 100 kv. The few studiesl-8 made 
so far with electron microscopes having beam potentials above 100 kv have been 
inconclusive as regards the expediency of increasing the electron velocity. 

We developed an electron microscope-diffraction camera with an accelerating 
potential of 400 kv for the purpose of exploring the advantages of increasing 
the electron velocity in microstructural investigations. This instrument is of 
the universal type, i.e., it can be used as an electron microscope or for record- 
ing diffraction diagrams. It has been in regular operation as a diffraction 
camera since 1957 and as a microscope since 1958. 

In the process of developing and constructing this instrument we carried out 
a number of investigations that are of independent interest, namely, investiga- 
tions of the electron-optical parameters of a high voltage electron gun, develop- 
ment of effective methods of protection against high voltage discharges, develop- 
ment of various components comprising an efficient vacuum system (seals, packings, 
valves, etc.), investigation of the parameters of magnetic lenses, development of 
a number of mechanisms employed in electron microscopes and so on. 

The electron optical parameters of the instrument are still in the state of 
flux in view of continuing experimentation and improvement. At present the in- 
strument is characterized by the following data. 

Electron velocity (with relativistic correction) - up to 600 kev. Resolu- 
tion limit - 20 A. Ultimate magnification - up to 200 000 X, with continuous 
variation over a wide range. The instrument has provision for obtaining diffrac- 

tion patterns from a selected portion of the 
specimen (microdiffraction); the minimum dia- 
se 4 meter of a microdiffraction region (selectivity) 
| is 0.05 uw. In going over to dark field images, 
these can be identified with individual reflec- 
tions in the diffraction pattern. The constant 
L in microdiffraction can be controlled in a 
wide range. When the instrument is operated as 
a lensless diffraction camera, the constant L 
equals 952 mm. The instrument is capable of 
both "transmission" and "reflection" studies. 

The electron gun with a thermionic cathode 
has four 100 kv acceleration stages. Its elec- 
tron optics are designed so as to insure the 
maximum theoretical current density in the beam. 
The gun has horizontal and vertical transport 
mechanisms for the cathode, a variable bias on 
the control electrode, control of the heater cur- 
rent, and a transport mechanism for horizontal 
displacement and tilting of the entire gun with 
the condenser lens. In addition, the condenser 
lens can be displaced laterally with respect to 
the gun axis. 

One of the original features of the vacu- 
um system is the use of "threaded" seals for 
transmitting control motions to the intravacuum 
Fig.1 mechanisms; these consist of screw threads of 
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original design passing through lubricant filled 
glands. All the valves and feed mechanisms inside 
the microscope column are actuated by means of such 
‘threaded packing’ linkages. ; 

A general view of the equipment is shown in 
Fig.1; a cross sectional diagram of the electron- 
optical column is given in Fig.2. Here A,B,C and 
D are, respectively, the condenser, objective, 

: eet, | eee intermediate (diffraction) and projector lenses; 
ales E is a semi-automatic camera with a magazine for 
twelve 6 x 9 cm plates (the magazine is specially 
designed to minimize fogging by x-rays). All these 
components (except for the condenser lens with the 
illuminating system diaphragm G) are mounted inde- 
H pendently on the special rigid vertical optical 
bench F by means of clamping arms with transport 
mechanisms. The units are connected by tubular 
bellows, which permit free displacement of the in- 
dividual lenses. The optical bench rests on a 

] : heavy cylindrical stand which is set on a spring 

| suspended base isolated from the foundation of the 


ap) 


i} = 
t ! “Tee building. 
eH The specimen is introduced into the column 
C through the air lock H. The selector diaphragm I, 


| which serves for microdiffraction workl9, is lo- 

| cated in the plane of the first stage image. It 

| Z is provided with a horizontal displacement mechan- 

: Wi ism so that one can select any desired image for 

| te the microdiffraction without moving the specimen. 

| | For obtaining a dark field image identified 
with a given reflection spot in the diffraction 
pattern, the objective lens diaphragm is introduced 
and positioned so as to frame the desired reflec- 
tion in the pattern; then the dark field image is 
obtained in the usual manner by means of the dif- 
fraction lens. Thus by means of our instrument 
one can determine the structure of the specimen 
within a region limited by the selector diaphragm, 
i.e., one can investigate not only the overall 

SN structure, but differentiate between individual 
microregions of the specimen. 

For electron diffraction work not requiring 
lenses, the lens units can readily be replaced by 
empty tubular bellows. A special crystal holder 
for up to six specimens is installed instead of 
the objective lens; this crystal holder allows of 
rotation of the specimens in the azimuthal and 
Fig.2 vertical planes, the angles of rotation being indi- 

cated on appropriate dials (the azimuthal rotation 
range is 75°). 
To facilitate investigation of nonconducting objects there is an auxiliary 


electron gun with an accelerating potential of 200 v which serves to remove char- 
ges tending to accumulate on the object. 


iS) 
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High voltage supply 


To forevacuum 
pump 


Fig.3. Electron microscope power supply. 


The microscope lenses are supplied from storage batteries. The high voltage 
supply consists of a cascade voltage multiplier (Fig.3) designed about six keno- 
trons and coupled to a two-stage filter. The kenotrons are supplied from the 
transformers Tr), Tro, Trg, Trg and Trj,9 with high voltage insulation. The dyna- 
motor M, which serves as a voltage regulator, supplies the primary of the high 
voltage transformer Try. 

In addition, the associated electronic circuitry comprises a number of pro- 
tective elements guarding against high voltage discharges and an original gas 
discharge relay designed to prevent high voltage breakdowns (this will be de- 
scribed elsewhere), as well as thermocouple pressure gages, safety interlocks, 
and so on. 

What are the specific advantages of high electron velocities? First, there 
is a significant reduction of aberration; the relatively short wavelength of 
fast electrons (in our case X = 0.016 A) allows of reducing the angular aper- 
tures. Another important factor is the reserve electron beam intensity, which 
increases with increase of the accelerating potential.11,12 In addition, the 
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photoeffect in the photographic plate and the fluorescence intensity of the 
enhanced at higher electron energies. It may also be recalled 


that generally specimens can withstand without damage higher current densities 
owing to the greater penetrating power of fast electrons. All these factors 
taken together result in a great gain in intensity of the image and hence reduc- 


tion of the exposure time in photographing. ‘ 

With ordinary microscopes the possibility of using apertures of optimum 
size as regards abberation cannot be realized owing to inadequate image bright- 
ness. In our microscope, although the optimum aperture is appreciably smaller 
than in the case of slow electrons, it can be used even with very large magnifi- 
cations (up to 200 000 X); the working aperture for our microscope is 10-4 radi- 
ans, whereas in ordinary electron microscopes the apertures employed range from 
1072 to 10-3 radians. 

One of the positive features of the high voltage microscope is the possibili- 
ty of investigating thicker and less heat-resistant specimens. Thus, for example, 
with an accelerating potential of 400 kv it proved feasible to investigate iron 
specimens up to 0.1 p thick, most minerals up to 1 yp, aluminum up to 2 i, and bio- 
logical specimens several microns thick. All this obviously greatly extends the 
range of application of electron microscopy, inasmuch as many interesting objects 
cannot be prepared in the form of sufficiently thin films for investigation by 
means of 50-100 kev electrons. 

Many materials that undergo changes in structure or even chemical decomposi- 
tion under bombardment by <100 kev electrons are not affected at all in our in- 
strument or are altered so slowly that one can successfully observe their initial 
state (for example, a number of substances in organic tissues). In our micro- 
scope one can also observe specimens held in a thin layer of air at atmospheric 
pressure. 

An important advantage of high voltage microscopy is the enhanced selectivi- 
ty in microdiffraction, since the principal limitation as regards reduction of 
the diameter of the observed region is lack of brightness. Hence, whereas for 
100 kv microscopes the minimum diameter for a microdiffraction region is l oe in 
our instrument the diameter can be reduced to 0.05 p or less. Also, the bright- 
ness and resolution of dark field images is greatly enhanced; hence we have fre- 
quent recourse to this method of investigation. 

To illustrate the potentialities of the 
400 kv electron microscope-diffraction camera, 
we cite below some of the specific cases of ap- 
plication of this instrument. 

An investigation of dispersed minerals, 
carried out in collaboration with Zvyagin13,14 
showed that in principle one can obtain single 
crystal diffraction diagrams for virtually all 
minerals having a crystal structure; this al- 
lows of a more accurate determination of their 
crystal lattice inasmuch as Debye patterns and 
micrograms obtained by means of conventional 
electron microscopes do not give a clear indi- 
cation of the symmetry of the reciprocal lat- 
tice owing to overlapping of the reflections. 

A microdiffraction pattern obtained for a twin 
Kaolinite crystal is reproduced in Fig.4. 

In the field of metallography, it proved 
feasible to obtain micrograms of metallic foils 
prepared by rolling or similar reduction of 


viewing screen are 


Fig.4. Microdiffraction diagram 
for twin kaolinite crystal. 


Fig.5. Micrograph of cobalt 
alloy specimen reduced by 
rolling. 
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bulk specimens. In collaboration with Skakov, 

we investigated a number of alloys by obtaining 
dark and bright field micrograms and microdiffrac- 
tion patterns of individual sections correlated 
with the dark field images. Fig.5 shows the 
bright field microgram of a sample of cobalt-base 
spring alloy subjected to cold rolling. The 
photograph shows the highly dispersed mosaic 
structure with blocks having dimensions of the 
order of 100 A. The electron diffraction diagram 
of the grain area 2 in Fig.5 is reproduced in 
Fig.6. Such diffraction diagrams are indicative 
of the degree of disorientation. 

We also obtained micrograms of a number of 
biological specimens that can be studied with a 
conventional electron microscope only in the form 
of ultrathin sections. The details of the in- 
ternal structure of chloroplastids, bacterial 
spores, spermatozoids, yeast cells and a number 
of large bacteria were resolved in these micro- 
grams. The dark field image of the bacterium 
Sarcina flava, recorded by M.Ya.Korn and the 
writer, is shown in Fig.7. 

Even at this stage one can indicate a number 
of specific fields of investigation accesible only 
to the high voltage electron microscope. These 
include, for example, direct diffraction studies 


of metals, investigation of dislocations by diffraction techniques, investigation 
of single crystals of dispersed minerals (and dispersed substances in general), 
and investigation of various biological specimens that either cannot be sliced 

on the ultramicrotome or must be studied in the form of relatively thick sections. 


Fig.6. Diffraction diagram of grain Fig.7. Dark field image of Sarcina flava. 


Section 2 in Fig.5. 


In 


age electron microscope opens to bio 
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fact, one can hardly overevaluate the possibilities that the high volt- 
logy and biochemistry in the field of micro- 


diffraction studies, particularly since hitherto electron optical investigations 
of biological subjects have been Limited to obtaining morphological pictures — 
with little or no attempt at differential investigation of their molecular struc- 


ture. 
In 


addition to the enumerated specific applications of high voltage elec- 


tron microscopy, we must again mention its general advantage in microdiffraction 
whenever it is desirable to reduce the diameter of the field. 


10. 
a7. 
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THE UEMB-100 ELECTRON MICROSCOPE WITH A TWO-LENS CONDENSER 
- P.A.Stoyanov, G.A.Mikhailovskii & V.V.Moseev 


‘ The UEMB-100 electron microscope (Fig.1) is a universal type high resolution 
instrument. It is intended for conventional transmission studies, as well as for 
a number of other types of investigation: recording transmission and reflection 
electron diffraction diagrams and microdiffraction patterns, studying objects re- 
quiring imaging by reflected electrons, etc. 

The instrument has an illuminating system con- 
Sisting of an electron gun and two condenser lenses. 
By means of the two lenses - a strong (short focus) 
and a weak (long focus) one - one can regulate the 
area exposed to the electron beam. This makes it 
possible to investigate specimens that are sensi- 
tive to the effects of electron bombardment. 

The image is formed by three lenses: an object- 
ive, an intermediate and a projector lens. This 
system of three lenses provides for continuous vari- 
ation of the electron optical magnification in the 
range from 250 to 150 000 X with a constant image 
field size. The indicated magnification range is 
ample for realization of the high resolving power 
of this instrument. 

The design of the UEMB-100 microscope provides 
for adjustment of all the column elements during 

operation of the microscope. Axial astigmatism of 
the objective can also be compensated during opera- 
tion by means of a "stigmator" (asymmetry compen- 
sator). The rated resolution of the microscope 
- 15-20 A - can readily by realized by appropriate 
alignment of the components by means of the adjust- 
ing mechanisms and compensation of the axial astigma- 
tism by the stigmator. The well stabilized power 
sources assure maintenance of the alignments and 
dependable resolution. 

The maximum accelerating potential is 100 kv, 
with 50 and 75 kv also available. The availability 
of three beam potential steps facilitates investi- 
gation of objects of different thickness and density 
with adequate image contrast. The high voltage is 

led into the electron gun by means of a special 
Fig.l. UEMB-100 electron shielded cable. This armored lead-in eliminates the 
microscope. influence of atmospheric conditions on the operation 
of the gun. The electron gun 2 (see Fig.2) consists 

of the usual three elements, namely, a V-shaped tungsten cathode, a focusing elec- 
trode (shield) and an anode. The cathode and focusing electrode can be displaced 
as a unit relative to the anode by means of screws 1 for alignment of the elec- 
trodes. In other respects, the gun is similar to conventional three-electrode 
guns with a thermionic cathode of the type used in most electron microscopes. 

The principle of operation of the two-lens condenser is illustrated in Fig.3. 
The condenser consists of a short focus and a long focus lens. The first, demag- 
nified image of the source is formed in the focal plane of the short focus lens. 
The second image is formed by the long focus lens in the plane of the specimen, 
the magnification of the second lens being close to unity. As a result the illu- 
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if 


12 


=Fig. 


2. Sectional view of UEMB-100 elec- 
tron microscope column: 1) gun motion 
screws, 2) electron gun, 3) air lock, 4 

& 5) knobs, for insertion, withdrawal 

and adjustment of aperture diaphragm, 6) 
knob for withdrawal of selector diaphragm, 
7) Permalloy cup, 8) knob for insertion 
and withdrawal of pole piece, 9) viewing 
window, 10) knob for lowering aperture in- 
to the pole piece channel, 11) screws for 
adjustment of objective lens, 12) knobs 
for specimen motion. 


Fig.3. Schematic diagram illustrat- 
ing operation of the two-lens con- 
denser (a) and of a single lens con- 
denser (b): 1) electron source, 2) 
first lens, 3) first image, 4) sec- 
ond lens, 5) second image, 6) con- 
denser, 7) image of electron source. 


minated area in working with the two-lens 
condenser is reduced to a fraction of the 
area in the case of operation with a 
single condenser lens (compare a and b 
invPigwc)< 

The size of the illuminated zone 
can be varied by controlling the first 
lens current. This alters the focal 
length of the first lens and hence the 
diameter of the first image which is 
proportional to it. 

A cross sectional diagram of the 
two-lens condenser is given in Fig.4 
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Fig.4. Two-lens condenser: 1) upper lens, 2 & 3) alignment screws, 4) lower lens, 
5) stigmator (asymmetry compensator), 6) knobs for replacement and adjustment of 
apertures, 7) alignment screws. 


The upper lens 1 can be displaced relative to the lower lens 4 by means of the 
horizontal adjustment screws 2. To permit centering of the illuminating beam 
relative to the objective, the condenser assembly together with the electron gun 
can be moved in the horizontal plane by the screws 7 and tilted relative to the 
objective axis by the screws 3. In tilting, the illuminating system rotates 
about a point in the plane of the specimen. 

The condenser lenses have pole pieces. A fixed aperture is located in the 
pole piece of the first lens. A slit in the pole piece of the second lens is 
designed to receive a diaphragm plate with five interchangeable apertures, which 
can be shifted into operating position successively and adjusted during operation 
of the instrument by means of the knobs 6. 

A stigmator (asymmetry compensator) is located in the lower bore of the pole 
piece of the second lens. It serves to eliminate axial astigmatism of the weak 
lens. The need for this stigmator arises when the illumination zone is reduced 
to a minimum and the lens operates at large aperture angles of the illuminating 
system. Under these conditions the axial astigmatism of the long focus lens does 
‘not allow of obtaining a sufficiently small illumination zone. In addition, the 

intensity of illumination of the object decreases noticeably.1 The stigmator 
allows of minimizing the harmful influence of the astigmatism of the long focus 
lens and thus makes it possible to obtain the requisite size of the illumination 
zone without sacrifice of intensity. 
The stigmator of the two-lens condenser is adjusted with reference to the 
pattern observed on the final screen. This method of adjustment is simple and 
direct and enables a skilled operator to realize the adjustment within 1-2 min. 
Fig.5 shows the variations of the caustic (envelope of rays) on the final screen 
during variation of the second lens current with the stigmator on and off. The 
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Fig.5. Elimination of astigmatism of the second lens by the stigmator. 


first photographs in each row provide a comparison of the shape of the illumina- 
tion zone obtained with and without the stigmator. 

The two-lens condenser method of reducing the zone of illumination is not 
the only one. The problem can be solved in another way, namely, by designing 
electron sources with a sufficiently small radius. Tungsten point cathodes 
heated by electric current to a high temperature can be designed to serve as 
such a small radius electron source. At present methods of fabricating tungsten 
wire points? and ways of designing the cathode to allow of heating the points to 
the requisite temperature? have been developed. The design of one such needle- 
point cathode is shown in Fig.6. The current flows through the body of the tung- 
sten rod sharpened to a point at the tip. The current is taken off near the tip 
of the rod by means of twisted tungsten filaments looped over the rod some 0. 7- 
0.8 mm below the tip. The necessary contact is insured by spring action of the 
twisted filaments which also serve to maintain the rod in the proper position. 

An enlarged photograph of the spot in the 
object plane obtained with a cathode having a 
tip radius of under 1 » is shown in Fig.7. It 
will be seen that the illumination zone is near- 
ly circular. The blackening of the photographic 
plate was photometered in two mutually perpendi- 
cular directions; the resultant curves are repro- 
duced in the upper part of Fig.7. The scale is 
referred to the object plane. The radius of 
the spot taken as the average half-width of the 
two curves is 7 u. This is much smaller than 
the radius of the illumination zone obtained 
with a conventional V-shaped cathode. 

It was found that the radius of the spot 
remains virtually constant if the cathode is 
dulled to a diameter of 12 ue This is under- 
standable, if we bear in mind that in the case 

IP a pointed cathode the beam is formed by elec- 


Fig.6. Cathode with pointed tip. 


Fig.7. Spot obtained with 
pointed tip cathode and 
(above) intensity distribu- 
tion over two mutually per- 
pendicular diameters. 


Fig.8. Image of spot obtained 
with two-lens condenser. At 
right - image of 0.73 uy thick 
filament. 
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trons emitted not only from the tip itself but 
also from the side surfaces of the cone. As a 
result the effective size of the electron source 
is somewhat greater than the actual diameter of 
the point and virtually does not depend on the 
tip radius. 

The minimum size of the illumination zone 
obtainable with a pointed tip cathode is ap- 
preciably greater than the size of the illumi- 
nation zone that can be obtained by means of 
the two-lens condenser. With the two-lens con- 
denser, the illuminated region can be reduced 
to 1 uw or even less. 

A photograph of the beam spot in the plane 
of the object, magnified by the microscope lenses, 
is reproduced in Fig.8. To gage the size of the 
spot, we mounted a diaphragm with a 0.73 yw thick 
glass filament in the object holder. Comparing 
the diameter of the spot with the image of the 
glass filament, we see that the spot diameter is 
less than 1 uw. Nevertheless cathodes with point- 
ed tips are of undoubted interest inasmuch as 
they can be used in the first model of the UEMB- 
-100 microscope with a single lens condenser* as 
well as in the UEM-100 and EM-100 microscopes 
and in simplified microscopes. 

The objective section of the UEMB-100 micro- 
scope consists of three parts (see Fig.2). The 
upper part contains the specimen chamber with air 
lock and specimen stage. The middle part compris- 
es the lens winding, magnetic circuit and pole 
piece and houses the aperture diaphragm mechanism. 
The lower part consists of the objective tube 
within which are located the stigmator mechanism 
and the mechanism of the selector diaphragms for 
obtaining microdiffraction photographs. 

The air lock 3 is designed for exchange of 
specimens with admission of a minimal amount of 
air into the microscope column. It consists of 
a sleeve inside which is located the specimen 
holder mechanism and a locking cap. The time re- 
quired for exchange of specimens does not exceed 
2 minutes. 

The specimen stage, operated by knobs 12, 
allows of horizontal displacement of the speci- 
men up to 0.8 mm in two mutually perpendicular 
directions as well as tilting it up to 6° rela- 
tive to the instrument axis for obtaining stereo- 
scopic photographs. 

The aperture diaphragm mechanism is mounted 
in a brass disk which divides the objective lens 
coil into two parts. The diaphragm itself fits 
into a slot in the pole piece. The aperture dia- 
phragm can be inserted into or withdrawn from the 
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pole piece slot and adjusted by means of knobs 4 & 5; it can be seas I eae 
pole piece bore by knob 10. The allowable vertical travel of the dg ragm : 

1.5 mm. All these operations can be performed with the microscope in operation 
without interrupting observation. They are necessary for adjustment of the il- 
luminating system (the aperture diaphragm is withdrawn ROS the path of the beam) , 
adjustment of the aperture diaphragm (the diaphragm is displaced in the plane 
perpendicular to the axis) and for identification of the electron diffraction 
diagrams (the diaphragm is lowered into the back focal plane of the objective 

Ee a objective stigmator is located in the lower channel of the pole piece. 
The stigmator rotation mechanism, by means of which the orientation of the astig- 
matism is varied, is located in the tube. The control knob is brought out through 
a vacuum packing. The asymmetry is varied by regulating the stigmator excitation 
current by means of a rheostat, the knob of which is located on the control panel. 
The principle of operation of the stigmator has been described earlier (in Ref.5). 

The selector diaphragm mechanism is housed in the Permalloy cup 7 (Fig.2). 
It is intended for sequential change of the diaphragms and withdrawal of them from 
the path of the beam by means of knobs 6. In addition, the stage of this mechan- 
ism allows of lateral displacement of each diaphragm for selection of the section 
of the specimen for which it is desired to obtain the diffraction diagram. 

A new selector diaphragm mechanism is now being developed for the purpose 
of increasing the number of interchangeable diaphragms to six. 

Routine cleaning of the microscope components exposed to the contaminating 
influence of the electron beam can be accomplished without dismantling the micro- 
scope column. The objective and intermediate lens pole pieces, stigmator and 
selector diaphragms are removed through two ports located on the sides of the ob- 
jective tube. The field of view diaphragm of the projector lens can also be 
taken out through these ports. The other diaphragms, including the aperture dia- 
phragm and the plate with the illuminating system apertures, can be extracted for 
cleaning with their holders through special openings without disassembly of the 
microscope. 

Attachments have been developed for the microscope objective, by means of 
which one can investigate monolithic metallic specimens in reflected electron 
beams. A special adapter, which is installed in the upper part of the objective 
assembly in the specimen chamber, tilts the illuminating system 8°. This makes 
it possible to illuminate metallic specimens with a glancing beam (glancing 
angle 4°) and to observe their images in reflected beams much as is done in re- 
flection electron microscopes. In this case the investigated specimen is mount- 
ed in a special holder with its surface at an angle of 4° to the optical axis 
of the instrument. 

For recording diffraction spectra by reflection, a crystal holder is mount- 
ed in one of the objective ports; this holder allows of displacing the specimen 
in the plane perpendicular to the optical axis and rotating it through different 
angles in two mutually perpendicular planes. 

Se ene a tcl ae abe a flexible coupling with the intermediate lens. A 
: provided by a rubber gasket. This permits adjustment 

of the lenses relative to the final lenses by means of screws 11 (Fig. 2) The 
intermediate and projector lenses are designed as an integral unit. Theimeeneee 
es oe fee cae so cee ates pitt ete Oe from the channel of the lens is 
8 (Fig.2); rotation of the knob NE a res oe eel pleat teks ila age 
gaps sep ees Gy wers the pole piece and then shifts it out of 

y e€ same time a cylindrical screen is moved into position under the 
lens channel. The pole piece is reinserted into the channel of the projector 
lens by rotating the same knob in the opposite direction. : 
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The photographic camera assembly is located at the bottom of the microscope 
column. This assembly has three viewing windows 9 and an air lock which serves 
to limit entry of air incident to changing of photographic plates to the camera 
assembly. 

The camera is equipped with a louvre shutter with an interlock preventing 
double exposures. A special interchangeable magaZine holds up to 12 plates. 

The microscope column is evacuated through three pipes. The vacuum system 
comprises a TsVL-100 oil diffusion pump and an RVN-20 forevacuum pump. The fore- 
vacuum and high vacuum lines are equipped with water-cooled traps to prevent dif- 
fusion of oil from the pumps into the column. The vacuum system is controlled by 
two valves, one in the forevacuum line, the other in the high vacuum line. 

The UEMB-100 microscope installation consists of a stand with two control 
panels and a cabinet housing the vacuum system. All the current controls are 


located on the control panels. The power sources are housed in a separate cabin- 
et and two high voltage tanks. 


Summary 


The UEMB-100 universal electron microscope is a first class instrument. 

The advanced design and the availability of compensating lenses (stigmators) , 
mechanisms for adjustment of the optical elements and apertures and a highly 
Stabilized power supply ensure a high resolution of the order of 15 A. 

At the same time the UEMB-100 microscope is a multiple purpose instrument 
intended for the investigation of various objects by transmission and reflection, 
recording electron diffraction and microdiffraction diagrams, obtaining stereo- 
scopic photographs, etc. The two-lens condenser facilitates investigation of 
specimens sensitive to electron bombardment. The instrument is simple to adjust 


and dependable in operation. It is designed to facilitate maintenance cleaning 
and inspection. 
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POWER SUPPLY UNIT FOR THE UEMB-100 ELECTRON peice ine 
- V.V.Polivanov, V.V.Il'in, A.V.Iz"yurov, N.1I.Pyatakov & R.V.Shumova 


According to studies carried out by Leisengang!, for the, Poe ae 

to limit the high resolution (15-20 DEGEF Snes Sante aay aaa nee ee 
i ltage and lens curren 
fac cen ae ere problem, partAcy et tee he of the fact that the sta- 
ili i ial m be of the order o ; 

FE apes baa nee Te the lens current instability has been pole in in 
new power supply unit through development and refinement of the paar ae ens pees: 
circuit designed back in 1955 for the UEM-100 electron microscope. The mequiis 
reduction in the fluctuation in the high voltage was attained by introducing 
electronic stabilization. In view of the increased complexity and refinement of 
the electron optical part of the new UEMB-100 microscope, the poms supply for 
it also had to be improved (i.e., the UEM-100 power unit redesigned). 


1. Basic circuitry 


The general arrangement of the new 
power supply assembly is shown in Fig.l. 
The lenses are supplied through two inde- 
pendent channels from the selenium recti- 
fiers 1 and 2. This division at the very 
beginning of the circuit makes current reg- 
ulation for the different lenses more inde- 
pendent. Both rectifiers are of identical 
design and have the same output character- 
istics:. a voltage of about 700 v with a 
current load of up to 0.5 amp. The volt- 
age pulsation does not exceed 0.2% at full 
load. The power consumed by one rectifier 
corresponds to the total output power con- 
sumption of one electromagnetic SNE-220-0.5 


220/380 v 50 cps supply 


Fig.l. Block diagram of power supply 
for the UEMB-100 electron micro- 
scope: 1) rotary pump motor, 2) 
diffusion pump heater, 3) pressure 


gage, 4) Tesla transformer, 5, 6 & 
7) ferro-resonance stabilizers Nos. 
3,2 & 1, respectively, 8) high 

voltage rectifier, 9) high voltage 
filter, 10) high voltage electronic 


stabilizer, 11 & 12) rectifiers Nos. 


2&1, respectively, 13) high- 
frequency filament generator, 14) 
high-frequency bias generator, 15) 
low voltage electronic stabilizer, 
16) electronic current regulator, 
17) electron gun, 18 & 19) capaci- 
tors Nos.1 & 2, respectively, 20) 
objective lens, 21) intermediate 
lens, 22) projector lens. 


type stabilizer. 

All the lens coils, except that of 
the first condenser lens, are supplied from 
electronic current regulators employing the 
circuit shown in Fig.2. Supplying the 
plates of the amplifier tubes with stabi- 
lized voltage made it possible to simplify 
the circuit with simultaneous increase of 
the stabilization coefficients.2 The in- 
stability of the current in the lens coils 
(except for the first condenser lens for 
which the requirements as regards current 
stability are less rigorous) is 0.001% on 
the average. The stabilizers are simultane- 
ously utilized as electronic current regu- 
lators. To broaden the control range the 


lens coils (except for the coil of the second condenser lens) are sectionalized 


(tapped). 


The smaller section can be connected to aid or Oppose the larger sec- 


tion, thereby varying the number of effective ampere-turns by a factor of 2. 


The overall range of ampere-turns available for the objective, 


projector lenses is 750 to 4500. 


intermediate and 


The coils of these lenses have the same number 
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of turns with the 

To rect. To volt.reg. Same resistance and 
are supplied from 
identical current 
regulators. The range 
of variation for the 
second condenser lens 
is from 340 to 1200 
ampere-turns. 

The first conden- 


Fig.3. High voltage regulator ser lens supply is 

Carcuit. stabilized as regards 
Fig.2. Current regu- voltage. The current 
lator circuit. instability is 0.05% on the average. The ampere-turns 


of the first condenser lens can be varied only in steps 
in the range from 500 to 3000. The current of each succeeding step is 1.2 times 
higher than that of the preceding. 

The electromagnetic stigmators (asymmetry compensators) of the second con- 
denser and objective lenses are supplied from separate low voltage selenium rec- 
tifiers. 

The high voltage source provides the microscope with a high negative poten- 
tial of 50, 75 or 100 kv (current up to 120 microamp). 

The requisite reduction in instability of the high potential (as compared 
with the earlier power supplies) was realized by the introduction of electronic 
stabilization with feedback. The high voltage stabilizer circuit is shown in 
Fig.3. An automatically controlled resistance in the form of two groups of elec- 
tron tubes is introduced into the primary of the step-up transformer. The 6Kh6S 
diodes alternately, each half cycle, virtually short out one of the divider re- 
sistances, thereby cutting off the alternating bias on the control grids of the 
working-group tubes. 

The high voltage source itself employs a half-wave voltage doubler circuit 
with a single-mesh filter which is housed separately from the rectifier. As 
special tests showed, this system gives a significantly lower pulsation level 
under the low current load conditions characteristic of electron microscope high 
voltage sources. In the present source, the high voltage pulsation does not ex- 
ceed 0.001% at full load. In contrast to other supply units, in the new model 
selenium rectifiers are used instead of high voltage kenotrons. 

The UEMB-100 microscope has a shielded (armored) lead-in to the electron 
gun. In view of this the new power supply unit has a number of innovations. 
With the shielded type lead-in the heater current and bias sources as well as 
the limiting (output) resistances in the high potential circuit had to be loca- 
ted in the filter tank before the high voltage cable, rather than after it as 
in the earlier open designs. The transfer of these components from one end of 
the cable to the other involved a number of additional design difficulties. Thus 
the transfer of the limiting resistances gave rise to discharges of the cable 
capacitance. These discharges occurred primarily in the gun. The hard dischar- 
ges led to short term but high overvoltages (surges), attaining a magnitude of 
2-3 times the working voltage; this naturally made for more exacting requirements 
as regards insulation of the high voltage components. 

The shift to an enclosed gun also involved development of a new bias voltage 
source, remote-controlled and located in the filter tank. This particular design 
problem was solved in the Siemens Elmikroskop-I°. The circuit of the bias voltage 
source based on the same principle and used in the UEMB-100 microscope is shown 
in Fig.4. A diode is connected into the high voltage circuit. The cathode emis- 
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sion current, passing 
through the diode, gives 
toot pa epee SN) rise to a voltage propor- 
tional to the diode cur- 
rent and resistance, 
which is applied between 
the cathode and the focus- 
ing electrode. The re- 


Cathode 


Focus— b 
Diode ing sistance of the diode and, 
electrode consequently, the bias 


voltage are regulated by 
varying the diode heater 
current. The diode is a 


fe Pasi 


O y 
ae ENE 2D9S tube with a tungsten 
Fig.5. Gun heater cathode. The 30 ke heat- 
Fig.4. Bias voltage circuit. supply circuit. er current is supplied by 


a tube generator. The 
bias voltage is regulated from the 
control panel by varying the plate 
voltage of the generator tube. 

Transmission of the high- 
frequency heater current to the gun 
cathode through a 6-7 meter length 
of cable with rubber insulation in- 
volves a considerable loss. In view 
of this, the power of the filament 
generator in the UEMB-100 microscope 
was increased over that used in the 
UEMB-100 microscope. The generator 
employs a capacitance coupled push- 
pull circuit (Fig.5). The frequency 
os of the gun heater current is about 

ast as eRe es CI tas ie =a 55 ke. 
Fig.6. External view of one of the power 
supply assembly units. 


2. Engineering design 


Hitherto in all Soviet electron microscopes the power supply assembly was 
housed in the stand or cabinet of the microscope and the subassemblies were de- 
signed to fit the space available. Inasmuch as the power supply requirements of 
different modern 100 kv electron microscopes and diffraction cameras have much 
in common, in designing the present power supply, a deliberate attempt was made 
to develop "standard" units that would be equally suitable for any 100 kv instru- 
ment. This is particularly worthwhile if the power supply is housed separately 
as in the case of the UEMB-100 microscope. 

The separate cabinet for the power supply houses six units (subassemblies) 
mounted on standard chassis (Fig.6), as well as three electromagnetic stabilizers. 
The high voltage rectifiers and filters are mounted separately in metal tanks 
filled with transformer oil. The units are interconnected by flexible cables 
terminating in plug-type connectors. 

The power supply is controlled from the panels located on the microscope 
stand to either side of the column. 
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The design and construction of the power supply for the UEMB-100 microscope 
is promising in the sense that it can be used as the point of departure in devel- 
oping new models of 100 kv microscopes and electron diffraction cameras. 
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SMALL ELECTROSTATIC MICROSCOPES 
- V.I.Milyutin, D,V.Fetisov, K.K.Raspletin, F.U.Spekt 
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or & B.I.Pochtarev 


Introduction 


The electron microscopes (EM-3 and UEM-100) now being produced by our 
(Soviet) industry are complicated and expensive instruments which can only be 


operated by skilled, highly qualified personnel. 
tensive use of electron microscopes in scientific i 


This, of course, hinders ex- 
institutes and educational in- 


stitutions. Consequently, there is an obvious need for a simple, relatively in- 


expensive electron microscope. ; 
We undertook to develop such a microscope with electrostatic lenses. 


In 


principle, the use of electrostatic optics should make it feasible to simplify 
and reduce the cost of the microscope inasmuch as in this case one can dispense 
with special stabilized power supplies for the lenses and tolerate greater fluc- 
tuations in the high tension supply; moreover, from the constructional point of 
view electrostatic lenses are simpler than magnetic lenses. 

The slight sacrifice in resolution involved is unimportant where many in- 


vestigations are concerned. 


For example, in the case of metallographic studies 


(examination of relatively coarse etch structures, detections of various inclu- 
sions, etc.) a resolution of the order of 50-70 A is ample. Instruments with 
such resolution can be widely used in industrial laboratories and technical 
schools and colleges for scientific and educational purposes. In such cases 
simplicity and reliability of operation and low initial cost are governing con- 


Fig.1. Table model electron 
microscope with specimen 
preparation unit. 


dustrial batch production. 


siderations. 

To meet the outlined need, we developed a 
number of variants of a small electrostatic micro- 
scope. A table model electron microscope with a 
beam potential of 40 kv together with an auxili- 
ary unit for preparing specimens is shown in Fig. 
1. The same vacuum system is used for both the 
microscope and the specimen preparation unit. 

The focusing system of the microscope consists 

of two single lenses and provides magnifications 
in the range from 1200 to 5600 X. The resolution 
of this microscope is 70-80 A. The specimens are 
introduced into the microscope column by means of 
a simple airlock. 

Recently we developed a more advanced model 
small electrostatic microscope. This is desig- 
nated MESM-45 and is now being readied for in- 


Below we give a brief description of this latest 


model. The basic characteristics of this microscope have been described earlier 


in Ref.1. 


1. General characteristics of the instrument 
Lumen t 


A photograph of the instrument is shown in Fig.2. It consists of two units: 


the microscope proper with its power supply (at the righ 


t) and the vacuum equip- 


ment (at the left), which is a separate unit and can be used independently for 
vacuum evaporation and similar purposes. The overall dimensions of the micro- 
scope including the vacuum unit are 700 x 900 x 1400 mm. 


The illuminating system of the microscope comprises a three- 


electrode gun 


with a conical focusing electrode and an illuminating aperture mechanism which 


- 439 - 


% 

y 

Z 

AN 
AULT 


Wy 
ifs 


‘YSILST Ely 
aE 


Le ee 
aN 
S 
sf 
CLL 


= 44: 
YAS 


Fig.4. Vacuum system. 


Fig.3. Electrostatic lens: a) cylin- allows of withdrawing the aperture dia- 

drical housing, b) lower electrode, phragm from the path of the beam in the 

c) insulator of middle electrode, d) process of adjustment. Adjustment is re- 

upper electrode. alized by displacement of the cathode with 
the focusing electrode and associated com- 

ponents of the gun in the plane perpendicular to the optical axis. The operating 

current of the microscope is 25-30 a. 

The object stage is a movable circular disk located immediately under the ob- 
jective lens. The stage has a slot which serves as a guide rail for a carriage 
with five receptacles for specimens. A special carriage is provided for record- 
ing stereoscopic views; this has provision for tilting the specimen +59. 

The lens assembly consists of three lenses and is located below the stage. 
The lenses are mounted in a special cylindrical housing machined to close toler- 
ance. The use of three lenses instead of two made it possible to reduce the 
column length and extend the range of available magnifications. The design of 
the lenses is diagramed in Fig.3. The lens housing consists of a metal cup; the 
lower electrode and the insulator holding the middle electrode are set on the 
bottom of this cup. The upper electrode is mounted in a fitting resting on the 
upper lip of the cup. All the electrodes are adjusted with reference to the 
housing axis by means of an optical microscope. 2 The entire cylinder with the 
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The observation sec~- 


lenses is easily taken out of the column for cleaning, etc. 
There are three 


tion and photographic camera are located below the lens assembly. 
windows and a special 5 power magnifier for observation of the image on the screen 
The camera chamber, which also serves as the base of the microscope column, houses 
the fluorescent screen and a magazine with ten cassettes for 4.5 x 6 cm plates. 


The photographic plates are exposed by raising the screen. 
2. Vacuum equipment 


As was noted above, the vacuum system of the microscope also serves for 
evacuating the specimen preparation unit. It consists of a VN-461 mechanical 
pump, an MM-40-A diffusion pump and a selector and control valve assembly. In- 
side the vacuum bell jar there are special mounts for heaters and specimens. 

The vacuum equipment cabinet also contains a spot welder which is intended 
primarily for spot welding the microscope cathode filaments. 

The control valve system is designed so that all settings are made by rota- 
tion of one knob (fore-vacuum pumping of the microscope column, high-vacuum pump- 
ing, admission of air into column, disconnecting the column from the vacuum sys- 
tem, etc.). 

The selector valve assembly consists of a cylindrical chamber divided into 
two sections (Fig.4). The valves proper are welded into the walls of the chamber 
and are actuated by cams. 

The pumping system allows of obtaining a vacuum of the order of 1074 mm Hg. 
The pressure in the column is monitored by means of a discharge tube gage sup- 
plied from a Tesla transformer. 


3. Electric system of the microscope 


The power supply system of the microscope is diagramed in Fig.5. The high 
voltage for the gun and lenses is supplied by a 50 kv voltage doubler employing 
selenium rectifiers. The rectified voltage is smoothed by a capacitance-resist- 
ance filter. At a current of 100 ua the ripple voltage does not exceed 0.005%. 


fig 
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Fig.5. Microscope power supply: C - cathode, W - Wehnelt c 


Lj - objective lens, Ly - intermediate lens, L3 ylinder, A - anode, 


- projector lens, S - screen. 
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Fig.6. Pearlite. Magnification 15 000 X, Fig.8. Emission pattern from oxide 
coated cathode. Magnification 125 X. 


Fig.9. Electron diffraction 
pattern for silver. 


The cathode heater current 
is supplied by a selenium bridge- 
-type rectifier via a choke- 
= . : -capacitor filter. The voltage 
Fig.7. Bacterium Myciodes (soil bacteria). pulsation does not exceed 0.1%. 
Magnification 15 O00 X. Both rectifiers are mounted 

on a special metal chassis housed 
in a 300 x 320 x 400 mm iron tank. To minimize interference the rectifiers are 
housed in separate compartments well shielded from each other. A voltage divider 
of special design is used for controlling the objective and intermediate lens po- 
tentials. This divider consists of a set of plates housed in a plastic container 
filled with castor oil. Between the plates in one half the container is a movable 
plate; in the other half, four fixed plates. The continuously variable voltage 
for the objective lens is taken off the movable plate; the four step voltages for 
the intermediate lens are taken off the fixed plates. 


5. Uses of the microscope 


The small electrostatic microscopes described above can be used for the in- 
vestigation of diverse objects. By way of illustration transmission and emission 
micrographs and a diffraction pattern obtained with the instruments are reproduced 
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ELECTROSTATIC VELOCITY ANALYZER FOR 75 kv ELECTRONS 
- A.N.Kabanov, V.I.Milyutin & D.V.Fetisov 


Further development of electron microscopy and expansion of its field of ap- 
plication are connected with investigation of electron scattering in specimens. 
These scattering processes are generally studied by means of instruments measur- 
ing the angular and energy distributions of the electrons after their interaction 
with the object. Among such instruments are electron velocity analyzers with 
electrostatic lenses. Such analyzers are particularly convenient where the prob- 
lems of electron microscopy are concerned owing to the simplicity of the measure- 
ment procedure and the high chromatic resolution of these analyzers. 

Extant analyzers, however, have a number of shortcomings, the principal one 
of which is a relatively low accelerating potential (35-40 kv). Inasmuch as beam 
potentials of 75 kv and higher are now commonly employed in electron microscopes, 
we felt it would be of interest to construct an analyzer with the same potential. 
The principal difficulty in solving the problem is proper insulation of the mid- 
die electrode of the cylindrical electrostatic lens. We succeeded in overcoming 
this difficulty and constructed an electrostatic lens analyzer which allows of 
investigating beams of 75 kv electrons. The principle of operation of the ana- 
lyzer is shown in Fig.l. 

A beam of monoenergetic electrons passing through 
the narrow slit is deflected from the symmetry plane by 
the outer region of the electrostatic lens and is imaged 
in the form of a narrow strip at some distance from the 
center of the screen (only the middle electrode is shown 
insFigel) 

The distance of the slit from the axis and the 
ratio of the lens potential Vy, to the cathode potential 
Vc were chosen so that a small change AV of the acceler- 
ating potential Vc would produce a suitable displacement 
Ay of the slit image. If instead of monoenergetic elec- 
trons, the beam consists of electrons with different 
velocities the image of the slit will be the sought ener- 
gy spectrun. 

The dispersion of the lens, 6 = Ay/AV, is inversely 
proportional to the accelerating voltage. To obtain a 


r 
| 


Fig.1. Operation of dispersion of the order of 0.2 mm/v with an accelerating 
analyzer lens: 1) potential of 75 kv, the geometric parameters of the lens 
electron beam, 2) slit, were chosen so that with Vy; = Vc the lens would operate 
3) middle electrode, in the second working region. In this case the electron 
4) screen. deflection is a linear function of the velocity in the 


range to 80 kv. The variation of the optical power of 
the lens with the ratio R = (Vc - Vy)/Vc (in %) and the dimensions of the lens 
are shown in Fig.2. 

A diagram of the analyzer is shown in Fig.3. The electron beam from the gun 
passes through an electrostatic condenser, by means of which the METS aperture 
is controlled, and falls on the specimen. A shadow image of the specimen (or an 
electron diffraction pattern) is projected in the plane of the intermediate camera 
and is photographed on a plate in the magazine of the retractable camera (6). 

Part of the electrons, participating in the formation of the shadow image or 
diffraction pattern, is discriminated by the slit and resolved bythe analyzer 
lens into a velocity spectrum which is either recorded photographically or scanned 

ns of a Faraday cup. 
” eae Ree eI SH mire instrument regardless of meteorological conditions 
is insured by thorough shielding of the leads to the guns and lenses. 


- 444 - 


Fig.2. Variation of the power of the 
analyzer lens and lens geometry. 


Fig.4. a) Energy spectrum of electrons 
passing through a gold film; Vo = 75 kv; 
b) electron diffraction pattern from the 
gold film. 


The cathode heater is supplied from a 
rectifier (50 cycle ac input). The influence 
of rippie voltage on the quality of the slit 
image is reduced by means of a 1 uf capacitor 
C1, connected parallel to the bias resistor Rj. 

The influence of pulsation of the recti- 
fied high voltage is eliminated by the use of 


Fig.3. Diagram and circuit of an auxiliary capacitor filter (Cog = 0.18 uf). 
the analyzer: 1) electron gun, The optical power of the condenser lens 
2) condenser, 3) aperture, 4) and, consequently, the angular aperture of the 
specimen, 5) screen, 6) inter- electron beam are varied in a wide range by 
mediate camera, 7) slit, 8) regulating the potential on the middle elec- 
analyzer lens, 9) final screen, trode of the lens by means of the oil-filled 
10) photographic camera, 11) voltage divider D. The potential on the mid- 
Faraday cup. B - battery, dle electrode of the analyzer lens relative 

D - voltage divider. to the cathode can be varied in the range from 


0 to 400 v by the variable resistance type 
voltage divider Rg. The battery B with 5 and 10 v taps is provided for calibrat- 
ing the analyzer lens. 

The vacuum system is capable of reducing the pressure in the analyzer column 
to 3-5-107© mm Hg within 20-30 min. 

Photographs of the energy spectrum of electrons passing through a thin gold 
film and the electron diffraction pattern obtained on the instrument with an ac- 
celerating potential of 75 kv are reproduced in Fig.4. 

The resolving power of the analyzer is approximately 75 000 : 1, 

A detailed description of the design of the instrument, which can also be 


used as an electrostatic microscope and diffraction camera, will be published 
in the near future. 
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INSTRUMENT FOR MEASURING THE RESOLUTION AND LIGHT YIELD OF 
FLUORESCENT SCREENS (PRS) © 


- B.I.Pochtarev, K.K.Raspletin & D.V.Fetisov 


Introduction 


One of the most important characteristics of technical cathodoluminescent 
phosphors is their resolution, which is defined as the minimum distance between 
two points or lines of the image that can be discerned separately on the screen. 

No less important a parameter of phosphors from the standpoint of quantitative 
evaluation of the luminescent emission is the light yield or efficiency, which is 
commonly characterized by the ratio of the emitted light to the energy expended 
on excitation.1 

Of considerable interest also is investigation of the spectral composition 
of the emission inasmuch as it determines the color of the fluorescent image and 
hence the region of practical utilization of the cathodoluminophor. Investigation 
of these fluorescent screen para- 
meters called for specially de- 
Signed equipment. 

Below we describe an instru- 
ment — designated PRS - intended 
for determining the resolution, 
measuring the efficiency and in- 
vestigating the spectral composi- 
tion of the radiation of fluores- 
cent screens on the unbombarded 
side with stimulation by elec- 
trons with potentials in the range 
from 5 to 30 kv (Fig.1). The reso- 
lution of the instrument itself ex- 
ceeds 500 lines per mm. 

The excitation current for 
measuring luminescence efficiencies 
can be varied from 2-1078 to 10-6 
amp with a mean stability of 2% 
over a measuring period of 1 min. 

The instrument also has pro- 
Fig.1. General view of the PRS instrument. vision for visual observation of 

the luminescent surface with mag- 
nification from 20 to 40 X. From 8 to 30 sample screens (or other luminescent 
objects) can be loaded into the test chamber at the same time; they are then suc- 
cessively brought into the measuring position by rotation of the sample holder 
disk without disturbing the vacuum. 

The overall dimensions of the instrument (without the vacuum pump) are 80 x 
x 120 x 95 cm. The power consumption is about 2 kw. 


Principles of Operation 


Measurement of the resolution of fluorescent screens 
I ee 


The resolution of screens is measured by the method proposed by A, A. Lebedev. 
This method is based on measurement of a demagnified (by means of an electrostatic 
electron lens) image of a fine mesh metallic grid projected on the investigated 


screen. 
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The operation is illustrated in Fig.2. The elec- 
tron beam from the gun 6, after passing through the de-— 
fining aperture 5, falls on the fine metallic grid a 
A shadow image of the grid is focused by the symmetri- 
cal electrostatic lens 3 on the investigated screen and 
is measured by the optical microscope 1. 

The electrostatic lens comprises three electrodes. 
The outer two are grounded; the high voltage taken off 
the oil-immersed divider 7 is applied to the middle 
electrode. The use of an electrostatic lens insures 
high resolution of the instrument and greatly simplifies 
the measurement procedure inasmuch as electrostatic 
optics, in contrast to magnetic optics, assure a con- 
stant size of the image with different accelerating po- 
einai tentials. Moreover, the absence of rotation of the 
6 ‘ image with variation of the accelerating potential or 
the optical power of the lens (such rotation is charac- 
Fig.2.Resolution measure- teristic of magnetic lenses) greatly simplifies the 
ment: 1) optical micro- measurement process. The resolution of the screen is 


& tis No 


scope, 2) test screen, calculated by means of the formula 
3) electrostatic lens, 
4) metallic grid, 5) ap- N = se lines/mm, 


erture, 6) electron gun, 

7) oil-immersed voltage where N is the resolution of the screen, n is the num- 

divider. ber of grid meshes across the diameter of the spot, K 
is the multiplying factor (the value of one division 

on the eyepiece scale of the measuring microscope), and d is the minimum diameter 

of the spot (image of the grid) on the screen in divisions of the eyepiece scale. 


Efficiency measurement 


The test screens in the PRS instrument 
are excited by a fixed electron beam of uni- 
form intensity (Fig.3), which is produced by 
the two-anode electron gun 3 and the electro- 
static lens 6. Defined by the aperture of 
the first anode 7, the electron beam is ac- 
celerated to the full operating potential in 
the region of the second anode, which in the 
PRS is the lower electrode 2 of the electro- 
static lens. Finally, after passing through 
the lens, the beam produces a spot of uniform 
intensity on the test screen 4. The size of 
the spot on the screen is limited by the aper- 
ture 5. 

The total excitation current is measured 
by the M-95 type microammeter G. Secondary 
electrons are caught by the collector l. The 
light flux from the screen is measured either 
hale rape eat phototube corrected to approxi- 
mate the spectral sensitivi 
of electrostatic lens, 3) elec- or a cesium-antimony Fee i ee 
tron gun, 4) test screen 5) aper- current is also measured by ae hig Soca a 
ture, 6) upper electrode of elec- G. The light yield or efficiency of the = 
trostatic lens, 7) first anode. screen is calculated by means of the Pia 


Fig.3. Efficiency measurement: 
1) collector, 2) lower electrode 
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x 


y fa tC Tost candle/watt, 


where V is the accelerating voltage (in volts), I is the beam excitation current 
(in amperes) , n, is the reading on the M-95 microammeter scale when the phototube 
is viewing the light flux from the test screen, Ngt is the microammeter reading 
when the phototube is viewing the flux from the "standard'’ (reference) lamp, and 
C is a constant of the instrument (in candles), which depends on the light inten- 
sity of the standard lamp, the transmission coefficients of the light filters and 
the distance from the photocell to the standard lamp and to the screen. In the 
case of luminophors emitting predominantly blue light, the luminescence is measured 
by a cesium-antimony phototube. In this case, the efficiency is determined with 


reference to a standard screen. 


Design of the PRS Instrument 
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Fig.4. Measurement chamber of the PRS in- 
strument: 1) telescopic magnifier, 2) cover, 
3) knob for rotating sample carrying disk, 
4) microscope with eyepiece scale, 5) disk 
carrying specimens, 6 & 7) electron guns. 


The PRS equipment consists of 
the following units: a measurement 
chamber, a power supply, a vacuum 
system and a control panel. All 
these units, except the mechanical 
VN-2 pump, are assembled in a com- 
mon cabinet. The measurement 
chamber (Fig.4) is made in the 
form of a cylinder with a removable 
cover 2. An interchangeable disk 
5 with recesses for the samples 
being studied is mounted on a shaft 
running through the center of the 
cylinder; this shaft terminates in 
the knob 3 which serves to rotate 
the assembly and bring the samples 
successively into the measuring 
position. With this arrangement 
one can rapidly inspect and measure 
a large number of screens deposited 
either on flat glass plates or 
other appropriate bases. 

The power supply is mounted in- 
side the instrument cabinet and con- 
sists of a high voltage rectifier 
with continuous variation of the 
voltage up to 30 kv, a rectifier 
for the cathode heaters, a 1.2 kv 
output rectifier for supplying the 
first anode and an oil-immersed 
voltage divider with continuous 
control of the lens voltage. 

The vacuum installation con- 
sists of a 200 liter/sec oil dif- 
fusion pump, a VN-2 mechanical pump 
and a selector valve assembly con- 
trolled by a single knob. 
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Conclusions 


Use of the PRS equipment for investigating the properties of cathodolumines- 
cing phosphor screens greatly facilitates measurements of their basic parameters, 
namely, the resolution, brightness, efficiency and spectral characteristics of 
the luminescence. 

In view of its efficient design, the instrument can be used not only for re- 
search purposes but for industrial control and inspection of various screens and 
similar products. To this end the instrument can be equipped with suitable in- 
terchangeable disks with special recesses for the samples to be inspected. 

We desire to thank Yu.M.Kushnir, V.I.Milyutin and E.S.Ratner for a number 
of valuable suggestions and assistance in developing the PRS equipment. 
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COMPENSATION OF AXIAL ASTIGMATISM IN THE LENSES OF A MULT IPLE-LENS 
ELECTRON MICROSCOPE 


- P.A. Stoyanov 


Electron microscope lenses exhibit various aberrations which have an adverse 
effect on the quality of the image. Most harmful in this respect are spherical 
aberration and particularly axial astigmatism which is the result of absence of 
rigorous axial symmetry of the focusing field. Since the invention of electron 
microscopes various methods of compensating axial astigmatism of the objective 
lens have been developed for the purpose of enhancing the resolution. Recently, 
in connection with the use of auxiliary lenses (second objective, second condens- 
er, intermediate lenses, etc.) it has become necessary to develop means for com- 
pensating the axial astigmatism in some of these lenses as well. This applies 
particularly to the second condenser and intermediate lenses inasmuch as any ap- 
preciable axial astigmatism limits the usefulness of these auxiliary lenses. 

Below we consider certain problems connected with the correction of axial 
astigmatism of weak and strong lenses by means of a magnetic cylindrical lens. 
The principle of operation upon which the design of such lenses is based was 
utilized by us in developing a stigmator (asymmetry compensator) for the object- 
ive lens of the UEMB-100 electron microscope (a description of this instrument 
will be found in Ref.1). 


Correction of Astigmatism of the Long Focus Lens of the Two-Lens Condenser 


The two-lens condenser of the UEMB-100 microscope is intended for reduction 
and control of the diameter of the zone of irradiation. It consists of a short 
focus and a long focus lens. The former produces a demagnified image of the elec- 
tron source (Fig.l). The long focus lens transfers this image virtually without 
magnification into the plane of the object. With the 
two-lens condenser the current density at the object 
referred to a unit solid angle remains constant only 
if the aberration of the condenser lenses is minor. 
All aberrations and particularly axial astigmatism 
of the long focus condenser lens reduce the current 
density at the object. Obviously, the harmful in- 
fluence of axial astigmatism is evinced only when the 
size of the aberration figure referred to the object 
plane of the long focus lens exceeds the size of the 
"object" itself, i.e., in this case the size of the 
demagnified image of the electron source in the plane 
aa (Fig.l). This deleterious influence will be the 
greater, the more appreciable the difference between 
the sizes of the aberration figure and the imaged ob- 
ject. 

The magnitude of the axial astigmatism is charac- 
terized by the astigmatic focal length difference Afa 
of the lens. This difference is equal to the differ- 
ence between the maximum and minimum focal lengths 
corresponding to the two mutually perpendicular meridi- 
onal planes (planes XOZ and YOZ in Fig.2). The ex- 
tremum focal points coincide with the apices of the 
«Fig.l. Diagram of the two lens condenser: 1) elec- 
tron source, 2) first condenser lens, 3) aperture, 4) 
second condenser lens, 5) image of electron source 
in the object plane. 
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two envelopes forming the caustic surface. The apices also lie in tye mutually 
perpendicular planes. The images of these caustic apices prior to elimination of 
axial astigmatism are shown in the photographs of Fig.2,a and b. 

The astigmatic difference A/, can be calculated from the experimentally de- 
termined value of the difference A/, between the lens currents. In the case of 


the weak lens 


Af,  2Al, 


if il 

The difference A/, equals the difference between the currents at which there 
are obtained images of the two apices of the caustic surface. 

We measured the condenser currents in the UEMB-100 microscope. Having calcu- 
lated the relative astigmatic current difference AJ,/I = 2 (Imax—/min)/(/max+J/min), WE 
found that Aj,/j= 7.41073 and that the focal length f of the long focus lens of 
the UEMB-100 condenser is 53 mm. Consequently, the astigmatic focal length dif- 
ference for the condenser is Af, = 0.39 mm. 

To eliminate the axial astigmatism, a stigmator was introduced into the bore 
of the pole piece of the weak condenser lens. The design of this stigmator is 
shown in Fig.3. It will be seen that it actually consists of two stigmators with 
a fixed orientation relative to the liens. Stigmator 1 is positioned inside of 
stigmator 2 and rotated 45° relative to the former. Basically the design of each 
of these stigmators is similar to that of the stigmator used in the objective 
lens of the UEMB-100 microscope. The current conductors of the stigmators are 
cylinders with longitudinal slots in two mutually perpendicular meridional planes. 
These slots divide the cylinders into a series of conducting strips which are con- 
nected by bridging pieces at alternate ends. As we showed earlier!l, the magnetic 
field induced by the current flowing through such conductors constitutes a mag- 
netic cylindrical lens (see insert at left in Fig.l). 

The action of the stigmator can be monitored by observing the shape of the 
caustic. The stigmator adjustment procedure with reference to the caustic is 
simple and direct. Compensation is readily realized even when the currents in 


(1) 


12 AZ 


Fig.2. Compensation of astigmatism of the second condenser len 


Ss by the sti G 
(a and b uncompensated; c compensated). ¥ as 
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’ both stigmators vary independently of each 
other. Hence the described stigmator was 
incorporated in the two-lens condenser with- 
out utilization of the so-called sine system 

1 of variation of the stigmator current which, 

aS is known, allows of varying the magnitude 

and orientation of the astigmatism independent- 
ly.3 Drawings cy and Co in Fig.2 illustrate 
the operation of the stigmator; photograph 

c in Fig.2 shows the caustic after elimination 

of the axial astigmatism of the long focus 

condenser lens. 

The geometric parameters of the two stig- 
mators and the values of the current with 
which axial astigmatism was compensated are 
the following: 


a, 


2 


SH 


aT ba 
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oy aac tak Yeti ok eae 
‘J Ry = 3.4 mm Ry = 2.9 mm 
Rog = 3 mn Ro = 2.5 mm 


= 24.75-1073 amp 
1.99 amp/cm2 
= 75 kv 


I = 33.5°10-3 amp I 
Fig.3. Stigmator for the second a Lez amp/cm2 4 
condenser lens. U 75 kv U 


Here 2L is the length of the stigmator, Rj and Roy are the inside and outside 
radii, respectively, I is the current, j is the corresponding current density and 
U is the beam potential at which the measurements were performed. 

The astigmatic focal length difference (i.e., correction) Af in centimeters 
introduced by the stigmators is given byl 

— 2 i Ry 
wherein the current density is expressed in amp/cm2, the accelerating potential 
in volts and the length of the stigmator 2L and the focal length / in centimeters. 
If we substitute the stigmator parameters in (2), calculate the corresponding A/ 
and carry out the geometric summation, we find that the astigmatic focal length 
difference introduced by the stigmator is 0.5 mm. We recall that the astigmatic 
difference calculated by means of Eq.(1) was 0.39 mm. Consequently, the astig- 
matic difference Af calculated by means of (2) exceeds the actual value by almost 
30%. 

In deducing formula (2) we assumed that the distance / from the lens to the 
stigmator is negligibly small compared with the distance b from the lens to the 
image plane. In the present case, this assumption is not justified. It can be 
shown that if the stigmator (or more precisely, the central plane of the stigma- 
tor) is located at a certain distance / from the lens, the action of the stigma- 
tor is weakened and that the coefficient by which the results given by (2) must 


be multiplied is Oey. In the UEMB-100 microscope $= 145.5 mm and / = 20.5 mm; 


consequently, the coefficient equals 0.74. Multiplying the above value of 0.5 mm 
by this coefficient we obtain 0.37 mm for the correction introduced bythe stigma- 
tor. This value nearly coincides with the experimentally measured astigmatic dif- 
ference. The 5% difference between the results can be attributed to the influence 
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of the ferromagnetic walls of the pole piece on 
the magnetic field of the stigmator, which was 
not taken into account in the calculations. 

It proved feasible by means of the described 
stigmator to compensate fully the astigmatism of 
the long focus lens of the two-lens condenser and 
to obtain a beam 1-2 p in diameter at the object 
with virtually no loss in intensity. Photographs 
of the beam spots in the plane of the object with 
the stigmator off and on are reproduced in Fig.4. 


Correction of Astigmatism of the 
Intermediate Lens 


Fig.4. Beam spots with second Astigmatism of the intermediate lens impairs 
condenser lens stigmator off the quality of diffraction patterns from micro- 
(left) and on (right). sections of the specimen. The influence of astig- 

matism is particularly strong in obtaining dif- 
fraction patterns from relatively large microsections. Hence the use of a stigma- 
tor in such cases can substantially improve the quality of the microdiffraction 
pattern. 

One special aspect of the problem must be borne in mind in considering asym- 
metry correction of microdiffraction patterns: the distortion of the image scale 
introduced by the stigmator must be small. If this condition is not fulfilled 
the shape of the diffraction rings will be distorted. 

We touched upon the problem of distortion of the image scale in considering 
the properties of the stigmator for the objective lens of the UEMB-100 microscope. / 
On the basis of calculations and experimental measurements, we established the 
following relation between the image distortion and the geometric and electric 
parameters of the microscope and stigmator: 

ARy _ Aro 


cash ae ford by — ty 7 R 
Lair. iy eee ee (3) 


where 0; is the distance from the back focal plane of the objective lens to the 
image plane in cm, ¢, is the distance from the same plane to the central plane of 
the stigmator in cm, 7, is the distance from the axial point to the peripheral 
point on the object (the scale in the object plane), and Ar, is the maximum scale 
Bete nor in Gee mae of the object as a result of the distortion. The other 
quantities in (3) are in the same unit i 
we obtain the relation cited earlier. © toa kear eae din in a cin 
In the derivation of (3) it was assumed that the principal electron rays 
from each point of the object are parallel to the optical axis and that, conse- 
quently, after refraction in the objective lens they have a common point of inter- 
section in the back focal plane of the objective (Fig.5). Distortion of the scale 
is a result of refraction of the principal rays in the stigmator field The angle 
of refraction nj is proportional to the distance e of the principal ta? cont Ree 
axis of the stigmator in the central plane of the latter. In order to obviat 
substantial distortion of the image scale, the stigmator should be ieeateate i 
close as possible to the point of intersection of the principal rays with ny 
optical axis. In the case of the objective lens this point is es 8 foc i 
plane. In the case of the intermediate lens operating in the wiceoltieractees 


regime this point is the plane of the selector (defini 
ef 
are shown in Fig.6). (defining) aperture (the ray paths 
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--Fig.6. Distortion of the 
image scale by the inter- 
mediate lens stigmator: 
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lens. 
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where it: is the distance from the selector aperture to the central plane of the 
stigmator, and p is the distance from the back focal plane of the objective (this 
is also the object plane of the intermediate lens) to the selector aperture (see 


Fig.6). 

The selector aperture is commonly located approximately at the midpoint be- 
tween the objective and intermediate lenses. According to Eq.(4), the stigmator 
should be located immediately next to it. Consequently, in the case of correc- 
tion of astigmatism of the intermediate lens, the stigmator should be located a) 


in front of the lens and b) at a considerable distance from it. Obviously, the 
The expression for the 


optical power of the stigmator is reduced as a result. 
astigmatic focal length difference introduced by the stigmator of the intermediate 


lens is given by 
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Ya by 2 5 R 
Ay = 0.95 (R=) PL In=t. (5) 


ose C 


From Eqs. (4) and (5) we obtain the following more general equation for the 
distortion of the image scale: 


Arone (up Ale te Pree (6) 


The quantities entering into (6) are defined in Fig.6. As noted, this formula 
is a general one and is valid for stigmators of different types. 


Correction of Astigmatism of the Objective Lens 


The procedure for correcting the astigma- 
tism of the objective lens in the UEMB-100 micro- 
scope by means of a stigmator was described earli- 
er. Whereas in the cases discussed above the 
astigmatism criterion was the shape of the caustic, 
in the case of the objective lens,the criterion 
is the location of the Fresnel diffraction fringes 
observed, for example, at the edges of an opening 
in an opaque film. The stigmator can also be cal- 
ibrated with reference to these Fresnel fringes, 
which allows of experimental verification of the 
design calculations for the stigmator. 

As is known, Fresnel fringes appear when the 
image is out of focus. The difference A/, between 


Fig.7. Variation of the in- the focal length corresponding to precise focus- 
crement in the objective lens ing and the focal length at which Fresnel bands 
current with the stigmator are observed can be reduced to zero in any meridi- 
current; 1) theoretical curve, onal plane of the optical system by means of the 
2) experimental plot. stigmator. When this is done the astigmatic dif- 


ference Af introduced by the stigmator is equal 
in absolute magnitude to A/,. The instant (current) of equality is established 
by the disappearance of the Fresnel fringes in some direction in the image. The 
increment A/, can be calculated if the corresponding current increment is known 
from experiment. For lenses with saturated pole pieces: 


Afo __ Alo 
eae 2 
For weak lenses C = 2. For strong lenses this coefficient can be calculated 


using the formula for the focal length given by Glaser*. If we equate A/, and Af 
for the stigmator as determined from (2), taking into account the above mentioned 


(7) 


correction coefficient (-y): and calculate AI,/I.; b 
; st >y means of the resultant ex- 

pression, we obtain a value of 1.27-1073 for this ratio for the UEMB-100 micro- 
scope. This ratio can also be determined experimentally. The variation of the 
objective current increment AIg with the stigmator current I t is shown in Fig.7 
It will be seen that the plot is a straight line. The sippena? this plot iS 
the ratio AI>/I,¢. The ratio found from the experimental plot is lwastoc3. The 
difference between the calculated and experimental values is 6%, which i with4 
the limits of the experimental error. ‘a ; aS eel 
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A SIMPLIFIED ULTRAMICROTOME Ae 
- Ya.Yu.Komissarchik, V.N.Vertsner & L.S.Gol'din 


In their first attempts to utilize electron microscopes for the investigation 
ifficulty of "opaqueness 


of histological specimens experimenters encountered the di 
of such objects. These authors - von Ardenne (1939) , Richards (1940) and Schos- 
trand (1943) - came to the conclusion that specimens exceeding 0.1 p in thickness 
cannot be examined by means of an electron microscope since they are rendered with 
a resolution inferior to that obtainable with light microscopes. Subsequently, 
Liebmann & Ornstein! convincingly demonstrated that to obtain photographs with a 
resolution of 20 A by means of a microscope with a short focus objective and a 
beam potential of 50 kv from specimens having several times the density of the 
embedding medium one must have sections not exceeding 300 A in thickness. 

Increase of the accelerating potential to 100 kv allows of obtaining a higher 
resolution (to 20 A) with sections of greater thickness (up to 0.1 J) . 

The contrast can be increased by removing the embedding medium but this, ac- 
cording to Hiller? and other authors, usually involves dislocation or distortion 
of the structure of the specimen. 

Use of ultrathin sections not only increases the contrast but allows of more 
detailed investigation of the structure inasmuch as it obviates surimposition 
of structural elements. 

It is clear, therefore, that preparation of ultrathin slices is fundamental 
to successful electron microscopic study of histological specimens. 

The design of microtomes with low feeds and satisfactory reproducibility of 
sectioning is a complicated and difficult problem. 

At present there are a number of ultramicrotomes capable of producing suit- 
able sections. Workers in the field have accumulated extensive experience as re- 
gards both modification of conventional microtomes and design of special micro- 
tomes for ultrathin sectioning. Many of the latter are based on new principles. 
One of these is the principle of the stationary knife and moving specimen, which 
is utilized in almost all modern ultramicrotomes. This principle of operation 
facilitates removal of the sections and allows of observing the cutting process 
by means of an optical microscope. 

An important condition for ultrathin cutting is that the specimen come in 
contact with the knife only during the cutting stroke and not during the return 
stroke. This, on the one hand, allows of making a number of sections and, on the 
other hand, protects the surface of the specimen block from deformation and damage 
during the return stroke. 

aoe modern ultramicrotomes employ glass knives, introduced by Latta & Hart- 
mann~. The choice of glass was dictated by its hardness and amorphous structure. 
There are several methods of preparing glass knives but all are based on natural 
breaking of a glass plate. A drop of liquid is usually placed on the cutting 
edge; this serves as a lubricant and facilitates cutting. Usually a liquid with 
a high surface tension coefficient is used, inasmuch as this makes subse uent 
handling of the sections easier. : 

Newman and his co-workers proposed a simple and reliable method of microfeed 
It is based on the use of thermal expansion of a rod carrying the specimen E od 
ol sie this method was investigated and developed further by Hodge and Lapaeiag 
- J 
ce ae ie instruments capable of measuring the elongation of the rod to within 
eliinear in a vide tenperature cxneom, Wit netTe ee ee ee 
ture, the rate of microfeed decr i i ap Ore reance a ee ey Cea 
’ eases with time owing to changes in the heat trans- 


mission of the microtome parts carrying the specimen. In the case of properly 
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functioning microtomes, however, this effect is unimportant inasmuch as one can 
obtain the requisite number of sections within a few minutes. Moreover, this ef- 
fect can be significantly reduced by good thermal insulation of the heated part. 
An undoubted merit of thermal feed is the facility of control and the construc- 
tional simplicity, as compared with mechanical feed. Consequently, some version 
of thermal feed is used in most modern ultramicrotomes. 

One of the basic requirements put to ultramicrotomes is absence of play and 
vibration. Thus, for example, in the case of cutting sections 200-300 A thick, 
for the operation to be Satisfactory and reliable, the position of the specimen 
relative to the knife must remain fixed to within 50 A at constant temperature. 
This can only be achieved by proper design and careful construction of all parts 
of the microtome. Precision is generally impaired by the presence of bearings 
and lubrication in the mechanism actuating the rod. ~Rigid construction of the 
specimen holder is preferable. The specimen is usually mounted on a rod rigidly 
connected with the base of the microtome. The rotational motion of the specimen 
necessary to pull it away from the knife on the return stroke is realized by a 
mechanism actuated either by hand or an electric motor. Forces counteracting 
elastic deformations serve to eliminate play in the mechanism. 

In developing the ultramicrotome described below we tried to meet the above 
mentioned requirements as fully as possible and to insure simplicity and relia- 
bility in the operation of the microtome. 


Description of the Instrument 


The flexible element is a stiff round steel rod 1 (see Fig.1) 380 mm in 
length with a maximum diameter of 10 mm and a minimum diameter of 6 mm. The 
longitudinal section of the rod was chosen so as to distribute the load over the 
maximum length and thereby eliminate danger of fatigue and rupture of the rod. 
This design allows of displacing the free end of the rod 10-12 mm from its normal 
position, thereby moving the specimen block clamped at the end of the rod rela- 
tive to the knife. This range of motion is fully adequate in view of the compara- 
‘tively minute size of specimens used in electron microscopy. 

The steel rod is inserted into the heavy brass block 2, the back face of 
which is welded to the end wall 3 of the instrument bed. Tests showed that this 
design is practical and does away with the necessity of using insulating invar 
rods with a low coefficient of linear expansion of the type employed by Sitte>, 
The rigid connection of the rod to the block and the block to the bed results in 


Fig.1. Side view of ultramicrotome: 1) flexible Fig.2. Chebyshev mechanism: 
rod, 2) brass block, 3) bed, 5) knife holder 1) base, 2) crank, 3) con- 
mechanism, 6 & 7) micrometer screws, 8) 6 to l necting rod, 4) rocking 


lever, 13) Chebyshev mechanism. arm. 
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a continuous, strong mechanical structure, devoid of oil films, bearings and simi- 
lar components, all of which assures superior regularity of the feed. — ‘ 

The block has two drilled holes; one of these houses a heater (4 an Fig. 3), 
the other either a mercury thermometer or a thermocouple. It is expedient to 
cover the rod and block with an insulating layer of asbestos to reduce neg Lytose: 

The expedient of heating the rod through a block with large heat capacity 
and good heat conductivity has the advantage of creating conditions under which 
the rate of feed is a linear function of the heat transfer from the heater, the 
magnitude of which can be determined by measuring the block temperature. Thus the 
rate of advance of the specimen is virtually a linear function of the temperature 
in the range from room temperature to 50°. 

A shortcoming of this arrangement is the “inertia” associated with the large 
heat capacity of the system (block-rod). Hence there is a certain lag in shift- 
ing from slow to fast feed and vice versa. 

The base of the instrument is a metallic bed weighing about 3 kg. The instru: 
ment is portable and can be clamped to any suitable bench or table. 

The specimen is moved past the knife by means of a four-bar linkage which is 
a modification of the Chebyshev mechanism illustrated in Fig.2. If in this mechan: 
ism AD = 2 AB and BC = CD = CE = 2.5 AB, the point E will follow the trajectory aa 
which over the section a,b,c, is virtually a straight line. The corresponding 
motion of point B will be the semicircle abc (crank). The remaining part of the 
trajectory aa will be the arc of a circle.6,7 Thus by means of this mechanism the 
specimen can be brought down past the knife almost vertically and then moved back 
to its initial top position, avoiding the knife edge. 

The rod is mounted so that for all points of the closed trajectory of the end 
holding the specimen the elastic deformation resists the deflection. Thus the rod 
acts as a spring under constant tension and eliminates play in the driving mechan- 
ism. Since within the design range of motion the flexing does not exceed the elas- 
tic limit, there is no need to unload the 
rod when the microtome is inoperative. 

The microtome can be driven either 
by hand or by an electric motor. The rate 
of rotation of the shaft driving the link- 
age mechanism should not exceed 60 rpm; at 
this speed the linear velocity of the spe- 
cimen relative to the knife is approximate- 
ly 5 cm/sec. 

The knife and specimen holder are de- 
signed to meet the requirements establish- 
ed for these assemblies in modern ultra- 
microtomes. 

The knife holder is equipped with a 
coarse and fine feed in the direction of 

; me the specimen. These feeds are operated 
Fig.3. General view of the microtome; by the micrometer screws 6 & 7; the coarse 
4) heater, 9) binocular microscope, feed is direct, while the fine feed is 
10) lamp assembly, 11) autotransform- actuated through the lever 8 with a 6 to 
er, 12) ac voltmeter, 14) fan (compo- 1 arm ratio. 
nents 1-3, 5-8 & 13 same as in Fig.l). 


Moreover, there is a provi- 
Sion for longitudinal displacement of the 
knife to permit selection of the best sec- 
tion of the cutting edge as well as provision for rotation of the knife to obtain 
the best cutting angle. In addition the knife can be set with the edge perpendi- 
cular to the axis of the specimen-carrying rod. 
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Fig.5 
Fig.4. Group of nerve cells from the cornu Ammonis of a white rat brain: 
A - nucleus, ff- protoplasm, O - nuclear membrane, K.o. - cell wall. 
Fig.5. Spermatocytes from testes of a white rat (designations same as 
in Fig.4). 


The specimen holder is a draw-in chuck. A binocular MBS-1 microscope with 
an object distance of 80 mm is provided for observation of the cutting and evalu- 
ation of the quality of the sections. The appreciable object distance allows of 
unencumbered manipulation of the sections. The lamp assembly provides good il- 
lumination of the knife edge and the sections floating on the surface of the liqu- 
id in the trough. 

The microtome is designed to operate on either 220 or 127 volt ac. The 
thermal-feed heater, motor and microscope lamp are controlled by separate switches. 
A laboratory autotransformer is provided for regulation of the heater voltage; it 
allows of continuous variation of the voltage in the range from 0 to 150 v. The 
voltage is indicated by an ac voltmeter built into the instrument. 

A photograph of the complete ultramicrotome is reproduced in Fig.3. 

We tested the operation of the microtome both with blocks of pure methacryl- 
ate and specimens of different animal organs (testes, kidney, liver and different 
sections of brain). The thickness of the sections was evaluated on an old model 
EM-3 microscope (not modernized). It proved feasible to obtain an uninterrupted 
series of 30 to 50 sections having an average thickness of 200-300 A. We also ‘ 
‘succeeded in obtaining individual thinner sections with thicknesses down to 70-50 A. 

Photographs of typical sections obtained by means of the ultramicrotome are 
shown in Figs.4 & 5. 


"v7 M.Bekhterev'' Psychoneurological Institute & 
"§.I.Vavilov" State Optical Institute 
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' LIGHT-ELECTRON MICROSCOPE EMPLOYING SINGLE CRYSTAL HIGH RESOLUTION SCREENS 
- G. A. Bogdanovskii, V.V.Kuprevich, V.N.Vertsver & I.V, Stepanov 


The luminescent coatings used for the screens of electron microscopes con- 
Sists of polycrystalline phosphors. Although such screens have good quantum ef- 
ficiency, they are generally characterized by a relatively low resolving power. 
Single crystal screens have a much higher resolution. Owing to their low effici- 
ency and difficulty of preparing suitable single crystals, however, such screens 
are seldom used. 

We succeeded in preparing samples of single crystal phosphors of high quality 
and good optical properties; by virtue of these properties it proved feasible to 
utilize these in an electron microscope and to replace the final stage of electron- 
-optical magnification by a light-optical stage. The use of single crystal screens 


in an electron microscope facilitates focusing of the image and allows of reducing 
the current density on the specimen. 


Single Crystal Screens 


Von Ardenne! was among the first to try using natural ZnS single crystals for 
focusing the image in electron microscopy. His crystals, however, were small and 
inferior in quality. Subsequently, Arend and his co-workers? obtained better re- 
sults with artificially grown ZnS and CdS single crystals. Using a beam potential 
of 20 kv, they obtained a resolution of about 2 u with a light yield amounting to 
only a few percent of that obtainable from the brightest polycrystalline phosphors. 
The quality of these artificial crystals was somewhat better than that of natural 
ones. 

The fairly large fluorite base single crystals produced by us are character- 
ized by a high degree of uniformity and transparency and their spectral emission 
lies in the range of sensitivity of the human eye. Their efficiency is close to 
that of polycrystalline phosphors. 

We assembled the set-up diagramed in Fig.1 for 
2 measuring the light yield (efficiency) and resolu- 
f l ‘i U7 2 2 tion of single crystal screens. This set-up consist- 
aul anu ed of an electron gun 1, a lens system 2, a cap and 
| W\ screen mount 3 and an optical attachment with a 
photographic camera 4. For measuring the resolution, 
Fig.l. Set-up for measuring the lens system was set to produce a 20-30 X demag- 
efficiency and resolution of nified image of the grid 5, which in the case of a 
single crystal screens: 1) grid with a 30 » mesh allowed of determining resolu- 
electron gun, 2) lens system, tions down to 1.5 wy on the screen. The deerce of 
3) screen mount and cap, 4) demagnification could be varied by displacing the 
optical attachment with cam- crystal together with the microscope relative to the 
era, 5) grid. lens systen. 
For efficiency measurements, the lens system was 
modified to obtain a 200 X magnification. The screen mount and cap unit 3 was re- 
placed by a rotatable disk magazine with holders for the sinety crystal screens. 
Thus by rotating the magazine and bringing successive screens into the beam, we 
could compare various single crystal screens with standard ee MLM ingetl screens 
at the same electron beam density (usually of the order of 10-7 amp/em4). The 
fluorescence brightness was measured by means of a phototube. The measurements 
showed that the efficiency of single crystal screens equals about 25-30% that of 
polycrystalline ZnS:CdS screens. The resolution for 30 kv electrons was evaluated 
as 1.5 uw by visual observation, which corresponds to approximately 650 lines/mm. 
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Comparison of screen parameters Our crystals proved to be stable: they 


6 syetained their properties and did not 
burn out in the beam even at appreciable 


Quality current densities. 
We arbitrarily defined the quality 
factor as D = L/S“, where L is the light 
yield or efficiency and 6 is the resolved 
distance. If we take D = 1 for conven- 
tional znS:CdS screens, the quality fac- 
1 tor for our single crystal screens comes 
iL out to be 175-200. Comparative data for 
four different screens, based on reports 


Screens factor 


znsS:Cds, 
polycryst. 
Uranium glass 
ZnS, single 


crystal : 20 in the literature? and our measurements, 
GOI* screen O73 | 200 are listed in the accompanying table. 
*GOI = State Optical Institute Use of Single Crystal Screens 


To evaluate the possibility of utilizing single crystal screens in an elec- 
tron microscope, we assembled a laboratory set-up, the optical part of which is 
shown in Fig.2. It comprises a 30 kv electron gun, two magnetic lenses,a screen 
and an optical attachment. Replacement of the conventional three electrode gun 
used in the set-up by a long focus gun would allow of reducing the cross section 
of the beam at the specimen and hence lowering "electron load" on the specimen by 
an order of magnitude. The area of illumination was defined by the diaphragm 2 
with a 50-70 yw central aperture. The two-stage lens system yielded magnifications 
up to 3000 X for intravacuum photographing. By replacement of the pole pieces 
the lens system could be adjusted to yield an electron-optical magnification of 
300 X. In this case the image on the single crystal screen could be examined with 
little loss of light through the 100 power optical microscope or photographed with 
the same magnification. 

The high resolution of single crystal screens 
' 5 allows of reducing the electron-optical magnifica- 
soy ws 4 q tion by more than an order of magnitude; the advant- 
ED Ly = ear] age will be evident if we recall that the current 
ey 4r 4rv density on the screen is inversely proportional to 
the square of the relative magnification. Owing to 
Fig.2. Set-up for evaluating the linear dependence of the screen intensity on 
the use of single crystal the density of the electron beam one can, by using 
screens; 1) electron gun, 2) an optical microscope for the final stage magnifica- 
aperture, 3) lens system, 4) tion, either reduce the "electron load" on the speci- 
screen, 5) optical attach- men by two orders of magnitude without sacrifice in 
ment (microscope and camera). brightness of the observed image or observe with a 
greater overall magnification a much i i 
of the object with the same "electron load". nie pegstitd of rede aeean 
electron load" is important in many cases in electron microscopy inasmuch as in- 
eS tip electron bombardment often produces undesirable changes in the specimen. 
n e ; ; : : . 
a eee case, focusing of the image at large magnifications is greatly 

For purposes of comparison, we obtained enlarged photographs of the image on 
the screen and carried out conventional intravacuum photography with the same ob- 
jects. The photographing from the screen (electron-optical magnification - 300 x) 
was carried out by means of an optical microscope, using high-speed RF-3 fluoro- 
graphic film. The exposure time was 15-20 sec. The intravacuum recording ce 
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Fig.3. Photographs of diffraction grating replica shaded with gold obtained from 
a single crystal screen (a) and by intravacuum photography (b). 


carried out with an electron optical magnification of 3000 X onto positive plates. 
The exposure time was 1-2 sec. Photographs of the same section of a diffraction 
grating replica shaded with gold (total magnification plus enlargement in both 
cases — 8500 X) are reproduced in Figs.3,a & b. It will be seen that the photo- 
graph from the screen is almost equal in quality to the intravacuum photograph 
despite the much longer exposure. According to visual evaluations, the resolu- 
tion in photographs from the screen can be as high as 150 A. 

Photography from a single crystal screen can be used in conjunction with 
Simple electron microscopes of low resolution. This allows of eliminating the 
vacuum camera and avoiding admission of air into the microscope column incident 
to loading of the cassette, etc. It must be noted, however, that photographing 
from the screen is connected with some limitation of the field of view, which is 
common to photography of images by means of an optical microscope with average 
magnification. 

On the other hand, one can realize the advantages of single crystal screens 
more fully if one retains intravacuum photographing at low electron-optical mag- 
nifications. With this variant of the technique, there is obtained a large field 
of view in the photographs, while for focusing by means of the optical microscope 
it is sufficient to observe a limited section of the image. At the same time, 
one can substantially reduce the "electron load" on the specimen. If one uses 
conventional films or plates the decrease in "electron load" will involve an in- 
crease in the exposure time inasmuch as the plate must be located at the point 
along the beam where the electron optical magnification is an order of magnitude 
greater than on the single crystal screen. Fine-grain films can be located in 
the plane close to the single crystal screen. In this case, while still retain- 
ing an acceptable exposure time, we have the possibility of photographing a much 
larger section of the image with an appreciably lower "electron load” on the 
specimen. 
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X-RAY SHADOW MICROSCOPE 
- G.O.Bagdyk'yants & A.V.Shishatskii 


The x-ray microscope extends the potentialities of microscopy; it allows of 
solving certain scientific problems more easily and successfully than is possible 
by means of light and electron microscopes. This is due primarily to the pene- 
trating power of x-rays and the fact that the scattering of these rays depends on 
the chemical composition of inclusions in the specimens. 

There have been reports in the literature on the use of x-ray microscopes fox 
investigating thin sections of biological specimens!, morbid alterations in bone 
tissue?, lung tissue injured by silicosis and sclerotic blood vessels, as well as 
for qualitative and quantitative analysis of powders3, investigation of the inter- 
nal structure of alloys and other similar studies. 

One cannot design a "conventional" transmission x-ray microscope with refract 
ing optics because the index of refraction of all known materials for x-ray is 
close to unity. Hence there have been suggested various other means of obtaining 
microscopic images.4-7 At present only x-ray microscopes based on the principle 
of shadow projection from a point source of x-rays have been realized in practice. 
The point source is produced either by an electron probe focused by means of de- 
magnifying electron optics on a flat anticathode (target) ,® or by means of a point 
ed anticathode with a tip radius of about 0.5 wy, which is bombarded by a heavy 
flux of electrons. 2 

In the present article we describe an experimental model of an x-ray shadow 
microscope developed by the authors.* 

A diagram of the instrument is shown in Fig.1; a photograph of the assembled 
model in Fig.2. 


work. 


Biel 


| 
| 


Te eae ne | 


Fig.l Diagram of the x-ray shadow microsco 
ig.1 pe: 1) electron source 2) first = 
nifying lens, 3) second demagnifying lens, 4) anticathode, 5) specie 6) sme 
graphic film, 7) electron beam, 8) X-Yrays. 
Fig.2. External view of the x-ray shadow microscope. 


- 465 - 


Our experimental instrument employs an electron-optical system consisting 
of two short focus demagnifying electromagnetic lenses 2 & 3 (Fig.1), similar to 
that described earlier by one of the authors19, which forms a demagnified image 
of the electron source 1 on the thin target 4. The bombarded section of the tar- 
get acts as a point source of X-rays, which then form the shadow image of the ob- 
ject 5 on the photographic film 6. Both the specimen and film are located out- 
side the vacuum section of the instrument. 

In early x-ray shadow microscopes, owing to the low intensity of the x- 
radiation, the exposure times were as long as 20 min. This is explained by loss 
of part of the electrons in the demagnifying optics, the low intensity of the 
electron beam and the low x-ray yield at the accelerating potentials utilized in 
these instruments (~10 kv). 

Thus for example, if one uses an electron gun with an accelerating potential 
of 30 kv the exposure time under optimum conditions is 3 min, whereas when the 
beam potential is reduced to 9 kv the exposure time increases to 18 min. 

In view of this, for low accelerating potentials we tested several variants 
of electron guns with different electrode parameters. The best results were ob- 
tained with a gun having a concave cathode cylinder with a radius of curvature 
of 10 mm (the diameter of the cathode cylinder aperture was 0.1 mm) and an anode 
with an opening of 18 mm mounted at a distance of 40 mm from the cathode cylinder. 
This type of gun yields an electron beam of high intensity and small aperture. 
With an accelerating potential of 9 kv, an emission current of 50 wa and a 2000 X 
demagnification factor, x-ray shadow photographs were obtained with an exposure 
of 30 to 45 sec on high=speed aerial film. The electron gun is constructed in 
the form of an armored unit. It has provision for displacement of the heater 
filament in the horizontal and vertical directions and centering of the cathode 
cylinder with the high tension on. 

The two magnetic lenses, each of which has a focal length of 3 mm, are re- 
united in a common assembly. The pole pieces of both lenses are of Armco iron 
and of the self-centering type. The pole pieces of the upper lens are asymmetri- 
‘cal which allows of locating the anticathode and object immediately outside the 
pole pieces. The interchangeable target holder, located just above the top lens, 
serves as a cover of the vacuum chamber. The holder hasa 0.2 mm diameter opening 
which is covered with a piece of 0.15 uw thick metal foil; this serves as the tar- 
get and is reinforced with a 50 uw thick polyethylene film. The specimen is clamp- 
ed in a special frame inserted into the object stage and can be moved in the hori- 
zontal plane. The magnification of the instrument can be regulated by varying the 
target-to-object distance. 

Extant x-ray fluoroscopic screens do not yield a sufficiently intense image 
for visual observation. Hence, to allow of selection of the desired section of 
the specimen the instrument is equipped with a 37 power optical microscope, the 
axis of which is aligned with the axis of the x-ray microscope so that the section 
of the object appearing in the field of the optical microscope is the section 
eventually photographed. The instrument is provided with two cameras: 1) a ee 
for single 20 x 20 mm photographs and 2) a camera by means of which one can obtain 
a series of up to 36 pictures on 35 mm film. 

The microscope column is continuously pumped. The vacuum system of the in- 
strument consists of a VN-494 forevacuum pump, which is located in the instrument 
cabinet, and an MM-40 A diffusion pump with a semiconductor type vapor trap, a 
vacuum valve, a thermal pressure gage and a hydraulic relay, which serves to cut 
off the diffusion pump heater if the flow of cooling water is interrupted. The 
louvres of the semiconductor trap are cooled to -309. The introduction of this 
trap reduces the pumping rate by only 7%, but improves the vacuum by an order of 
magnitude. 
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Comparative data on modern x-ray shadow microscopes 


Instrument Electron optical Resolu- Exposure 
system tion, UU time 
USA (G.E.) commercial Two electrostatic lenses ai 3-20 min 
instrument (Ref.12) 
Japan (Shimadzu) ex- One condenser & one demag- 
perimental model nifying magnetic lens BY 
England (laboratory One condenser & one demag- 1 min 
model, 1952) nifying magnetic lens 0.5 (Ref .8) 
England (laboratory Two demagnifying magnetic 5 min 
model, 1955) lenses (5 X and 100 X) Oo (Ref.11) 
USSR (experimental Two demagnifying magnetic 
model) (the present lenses (80 X and 27 X) 0.5 30-45 sec 
instrument) 


The operating vacuum in the microscope column is 2.5°1075 mm Hg. 

Any fluctuation of the accelerating potential and the current through the 
lens coils leads to displacement of the electron focus along the optical axis of 
the instrument. Hence, owing to the fact that the position of the target is fix- 
ed, the diameter of the electron spot increases with resultant impairment of the 
resolution. 

In our instrument the lens power supply was stabilized as regards current 
and voltage to within 0.002%; the high voltage supply to within 0.01%. 

One of the decisive factors determining the resolution in the shadow image 
is the size of the radiation source. 

Comparing the resolution in the shadow photographs obtained with x-rays by 
the described procedure and with electron beams using the same electron optical 
system shows that whereas the resolution with an electron beam attains 300 A, the 
resolution with x-rays is only 0.5 un. 

Measurements showed that the diameter of the x-ray source is considerably 
greater than the diameter of the exciting electron probe. One of the reasons for 
the increase in the diameter of the x-ray source is that it is determined by the 
minimum cross section of the caustic due to spherical aberration; in contrast the 
cross section of the caustic has no influence on the resolution of an electron 
shadow image. The second reason for increase in the diameter of the X-ray source 
is electron scattering in the metal target. 

We determined the resolution of the x-ray microscope from the width of the 
penumbral fringe in the image of a sharp edge of a specimen opaque to x-rays (re- 
ferred to the plane of the object). By way of object we used the carefully polish. 
ed edge of a broken safety razor blade. A photograph of the blade edge was scan- 
ned on an MF-4 microphotometer. To exclude the error introduced by the photometer 
the measurement was extended into the Opaque region beyond the edge. 

The difference between the width of the penumbra in the photograph and the 
penumbra of the blade edge gives the resolution of the x-ray image. The resolu- 
tion determined in this manner was 0.5 u. Cosslett & Nixonll determined the reso- 
lution on the basis of the distance to the first Fresnel diffraction maximum 
The resolution of our instrument determined in this manner equals 0.14 yu. : 
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Fig.3. Photographs obtained on the experimental shadow microscope: a) head of fly 
(Drosophila melanogaster) Mag.120 X; b) asbestos fibers on a 30 wu mesh copper 
screen. 


Comparative data on a number of different x-ray shadow microscopes are list- 
ed in the accompanying table. 

Two x-ray shadow photographs obtained on our instrument are reproduced in 
Fig.3. 

We desire to thank A.A.Lebedev for his interest in the work. 
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THE COMMERCIAL MODEL EM-5 ELECTRON MICROSCOPE 
- V.N.Vertsner, M.G. Ivanov, V.V.Kozelkin, G.A.Bogdanovskii, 


Yu.V.Vorob'ev, Yu.V.Chentsov, V.E.Klyukin & V.A.Nikiforova 


The last decade has been marked by intense development in commercial produc-— 
tion of electron microscopes of different types, particularly microscopes with 
enhanced resolution. Great emphasis has been placed on Class II (see Ref.1) in- 
struments, i.e., instruments with a resolution of 20-30 A. To meet the growing 
demand for instruments of this type, we developed the EM-5 electron microscope, 
which is now being put into production. In designing the instrument we took in- 
to account the basic requirements established for high-resolution instruments and 
the experience gained in the operation of EM-3 electron microscopes, which have 


been in use over a period of years in a number of institutions. 
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Fig.1. Model EM-5 electron microscope. re 


1) electron gun, 2) condenser lens, 3,5, 
9 & 11) pole pieces of condenser, object- $ 
ive, intermediate and projector lenses, 1G 
respectively, 4) specimen holder, 6) 
stigmator (asymmetry compensator) , 7) 
objective lens, 8) field aperture, 10) 
intermediate lens, 12) projector lens 
13) binocular microscope, 14) final 
screen, 15) photographic casette, 16) 
vacuum line. 
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The EM-5 is a bench type high-resolution microscope. It is a vertical column 
instrument with the final viewing screen at the level of the bench top (Figs.1 & 
2). From the top down, the principal components are the electron gun, four elec- 
tromagnetic lenses (condenser, objective, intermediate (or microdiffraction) and 
projector), viewing screen and photographic camera. The instrument cabinet houses 
the vacuum pump and the power supplies. The mechanical and electrical knobs and 
buttons are arranged with a view to convenient operation. 


Illuminating System 


The high tension and the cathode heater and bias supplies are brought into 
the gun by a special high-voltage armored cable. The cathode cylinder with the 
filament can be moved relative to the anode for adjusting the gun. The condenser 
lens operates as a demagnifying lens (4:1), which allows of reducing the illumi- 
nated region to 7-5 u, thereby reducing the total "electron load" on the specimen. 

The illumination aperture is defined by interchangeable diaphragms located 
at the condenser lens. The illuminating system is aligned with the objective lens 
by means of an adjustment device that has provision for displacement of the il- 
iuminating system in the horizontal plane and tilting it through small angles. 


Specimen Chamber and Objective Lens 


The specimen stage provides for backlash-free micrometric motion of the ob- 
ject in two mutually perpendicular directions, as well as tilting +5° for stereo- 
scopy. 

Interchangeable contrast aper- 
tures are introduced from the out- 
Side through a special vacuum seal 
into the pole piece gap. 

The objective lens pole pieces 
are of the nearly symmetrical type 
and are machined to high precision. 
The objective lens is rigidly con- 
nected to the lower part of the micro- 
scope. The objective lens is aligned 
with the projector lens in the course 
of fabrication of the microscope 
Fig.3. Adjustable stigmator of eight sym- through selection and matching of 
metrically arranged coils: Lj—lg. the pole piece components which are 

of the sleeve type. 

For correction of the residual and varying astigmatism (due, for example, 
to asymmetric accumulation of charges on the aperture) the EM-5 incorporates an 
adjustable stigmator shown schematically in Fig.3,a. It consists of eight sym- 
metrically arranged coils; this arrangement allows of rotating the magnetic field 
of the stigmator by means of a simple rheostat (Fig.3,b) and varying the field 
strength independently. The normal working current of the stigmator amounts to 
only a few milliamperes; however, a heavier current can be used to facilitate 
establishing the required orientation of the compensating field. 

By virtue of the large size of the stigmator, it could be located at a suf- 
ficient distance from the electron beam. This also makes for less exacting toler- 
ance in its fabrication. The stigmator is located below the pole pieces; the 
scale distortion resulting from this location of the stigmator does not exceed 


0.1%. 
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ribed stigmator design did away with the need for pro- 


i he desc : 
Adoption of the de d allowed of centering all the 


viding for mechanical rotation of the stigmator an 
stigmator controls on the microscope panel. 


Intermediate or Microdiffraction and Projector Lenses 


Owing to use of an intermediate lens, the magnification of the instrument 
can be varied continuously from the optical range to 90 000 X with a comparatively 
short column length and constant size of the final image. The intermediate lens 
is also used for recording electron diffraction patterns from local, identified 
sections (down to 1-2 p in diameter) of the investigated specimen. Selection of 
the desired microregion is realized by means of an adjustable variable aperture 
field diaphragm located above the lens. 

Alignable pole pieces are provided in the intermediate lens to facilitate 
centering and adjustment. The projection lens yields a magnification of about 


250 X. 


Diffraction Attachment 


The diffraction attachment, which permits of recording transmission and re- 
flection electron diffraction patterns, is installed above the projector lens. 
In this case the projector lens pole piece is replaced by magnetic shielding. 

The photographic camera has provision for separate exposure of two halves 
of the same plate for the purpose of obtaining comparison diffraction patterns 
from the investigated specimen and a standard material. 

The high quality of the optical system allows of obtaining diffraction pat- 
terns with good resolution at an object to plate distance of 350 mm. 


Camera 


The microscope camera is equipped with a lightproof cassette holding up to 
four 4.5 x 6 cm plates. The plates are automatically identified during exposure. 
In case of necessity, one can make eight 4.5 x 3 cm photographs with one loading 
of the cassette. 


Vacuum System 


The high capacity (200 liter/sec) of the oil diffusion pump in conjunction 
with the use of short vacuum lines of large cross section assures rapid evacua- 
tion of the instrument. The normal time to operating vacuum is only 2-3 min. 

The semiautomatic vacuum control unit simplifies operation and insures the 
correct sequence in starting the pumps. 

The microscope equipment includes an EVP-2 vacuum unit for the preparation 
of electron microscope specimens. This vacuum unit is equipped with a special 


chamber for vacuum drying of the photographic plates prior to loading into the 
microscope cassette. 


Power Supply 


The microscope is designed for operation on 220 or 380 v, 50 cycle alternat- 
ing current. The accelerating potential is varied in steps, the available volt- 
ages being 40, 50 and 60 kv. Electronic regulators are provided for stabilizin 
the high tension and the lens currents. The instability of the high voltage a 
the objective lens current is of the order of 0.003%. aa 
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Location of the high voltage rectifier and electron gun heater supply in an 
911 tank and the use of armored cable and adequate gun shielding insure the safety 
of the operating personnel and substantially reduce the harmful influence of 
noisture and dust on the operation of the microscope. 


Application 


The EM-5 microscope can be used for bright and dark field studies including 
stereoscopic photography, for recording electron microdiffraction patterns from 
selected small sections of the specimen, for obtaining dark field images in the 
light of individual diffraction reflexes, for conventional electron diffraction 
work and for obtaining comparison diffraction patterns from known materials. 

A 9 power binocular microscope is provided to facilitate focusing and obser- 
vation of the image on the screen. 

The maximum resolution of the instrument, as evaluated by observation of 
colloidal silver and platinum, is of the order of 20 A. 
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CELL FOR ELECTRON MICROSCOPIC STUDY OF OBJECTS IN A GASEOUS MEDIUM 
- I.G.Stoyanova 


In general, observation of a specimen by means of an electron microscope 
involves irradiating it with electrons and exposing it to vacuum. Many objects, 
particularly biological ones, undergo changes in structure in vacuum as a result 
of loss of water. The influence of the electron beam is evinced in heating of 
the object, its ionization and changes in its dielectric constant and other at- 


Obviously, these circumstances preclude observation of the true, natur- 


tributes. : 
Since 


al structure of biological specimens in conventional electron microscopes. 
the early days of electron microscopy, investigators have attempted to devise 

ways and means for investigation of objects in a gaseous medium and for the study 
ormeiaive specimens. 1 Thus, Abrams & McBain2 developed a chamber in which objects 
could be examined without preliminary drying. Ruska?’ and von Ardenne* proposed 

an open cell, i.e., a cell connected to an external vessel, by means of which one 
could carry out studies in an atmosphere of gas at a pressure of 10-20 mm Hg. 
Further increase in pressure in the object cell was accompanied by impairment of 
the vacuum in the microscope column, which in turn had a deleterious effect on 

the image. 

Inasmuch as electron microscopic study of objects in a gaseous medium in- 
volves increasing the pressure in the region of the object some 5-6 orders of 
magnitude relative to the pressure in the microscope column, the components of 
the cell containing the object must a) have mechanical strength to withstand the 
pressure difference, b) be gas-tight, i.e., not allow gas to leak into the micro- 
scope, c) must be sufficiently thin in the zone of the beam not to produce appre- 
ciable scattering of the imaging electrons, d) must not deteriorate in contact 
with moisture, and e) must be stable as regards the action of the electron beam, 
i.e., must withstand electron bombardment without noticeable damage. 

Our research led to the development of an objective lens with a special speci: 
men cell° meeting the above enumerated requirements. This cell differs from cells 
and chambers described in the literature in that in it one can vary the gas pres- 
sure in the range from 0 to 700 mm Hg without disturbing the operation of the mi- 
croscope and without interrupting observation. In our microspecimen cell - dia- 
grammed in Fig.1 - the space surrounding the object is bounded by the diaphragms 
1 and 2 with protective films covering apertures therein; these films prevent dif- 
fusion of gas from the cell into the instrument column. The inside of the cell 
is connected by means of duct 3 and an appropriate selector valve either with the 
vacuum system or with any one of a number of reservoirs containing the gas chosen 
as the medium. This design allows of evacuating the object cell and then filling 
it with the desired gas to the desired pressure. The two diaphragms are separated 
by the slit spacer ring 4; thus the thickness of the gas layer can be altered by 
installing different spacer rings. Air-tightness of the cell is insured by the 
gaskets 6, which are squeezed down against the protective films and diaphragms by 
the internal nut 7. In our experimental work the pressure in the cell was measure 
by a U-shaped mercury manometer; the pressure in the microscope by an ionization 
gage. The difficult problem of providing protecting films meeting requirements 
(c) and (e) outlined above was solved by using collodion films deposited on a non- 
-swelling support and covering these films with a thin carbon layer. The total 
thickness of the two films was 200 A. The gas-tightness of the system proved to 
be highly satisfactory: the vacuum in the microscope column remained virtual - 
affected with variation of the pressure in the cell from 1072 to 500-700 mm ie a 
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‘ig.1. Microspecimen cell: 

. & 2) diaphragms with cen- 
ral apertures, 3) duct, 

t) slit ring, 5) clamping 
sing, 6) gasket, 7) tighten- 
ing nut. 


0 2000 


600 A,mm He 


fig.2. Variation of the 
relative electron density 
at the image as a function 
9f the observation condi- 
tions; beam potentials 80 
<v (heavy lines) and 45 kv 
(light lines). The figures 
at the curves are values of 
the cell thickness [. 


cal properties of the object 
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Influence of the Gas and Protective Films 
on the Image Quality 


Increase in the thickness of the scattering 
layer in the vicinity of the specimen owing to 
introduction of a second film (the first film is 
equivalent to the usual film support) and the gas 
naturally must have some effect on the quality of 
the image because of increase in the number of 
elastic and inelastic collisions. Increase in the 
number of electrons elastically scattered through 
such large angles that most of them are stopped by 
the contrast aperture naturally leads to decrease 
in the intensity and contrast of the image. We 
evaluated the change in image brightness as a re- 
sult of filling the cell with gas from the plots 
of the relative electron density at the image, 

n/n, (n is the number of electrons passing through 
the cell and n, is the number of electrons enter- 
ing the cell) vs the effective cell thickness. It 
was assumed that the total superficial density of 
the films was 3.6 ug/cm2. In our plot, (see Fig. 
2) the brightness of the image of the object in 
the gas cell at a pressure of ~1072 mm HeEcorre— 
sponds to the intensity values at points 1 and 2 
on the curves for beam potentials of 80 and 45 kv, 
respectively. In our tests we observed how the 
image brightness decreases below this level as the 
cell was filled with hydrogen (dashed lines), air 
(solid lines) or chlorine (dash-dot lines) and how 
the image brightness varied with decrease in the 
thickness _ of the gas cell from 0.01 to 0.003 cn. 
Observations showed that decrease in the image 
brightness with admission of a gas into the cell 
is accompanied by loss of contrast. 

As we know, the image contrast in an electron 
microscope depends on the angular distribution of 
the scattered electrons as determined by the physi- 

and the electron optical parameters of the system, 


yamely, the accelerating potential and the effective aperture of the objective 


lens. 


The optimum objective aperture was determined from the variation of the 


intensity distribution in the microscope image with the size of the aperture and 


the accelerating potential by the photographic technique. 


proved to be 8+107% radians. 


The optimum aperture 
We found that the minimum contrast is virtually 


independent of the objective aperture up to 8-10-3 radians and then increases 


appreciably with increase of 


the angular aperture above 1072 radians. From the 


standpoint of adequate image brightness, the 8°10-3 radians objective aperture 
nay be regarded as fully satisfactory. 

| In view of the fact that increase in the gas pressure in the cell results 
in decrease of the image brightness, to obtain the initial brightness one must 


appreciably increase the "electron load" on the object. 


sirable inasmuch as increase 
of the specimen. 


This generally is unde- 
in the current density leads to additional heating 


Hence in further experimental work we reduced the electron 


heating effect by reducing the thickness of the gas cell in so far as possible 
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Fig.3. Microphotographs of colloidal gold obtained with an accelerating potential 
of 80 kv; gas pressure in cell: a) 170 mm Hg, b} 520 mm Hg. 


and limiting the zone of irradiation by inserting a diaphragm with a small aper- 
ture (0.2-0.3 mm diameter) just above the specimen. 

Increase in the number of inelastically scattered electrons leads to deteri- 
oration of the image quality owing to chromatic aberration. By means of the em- 
pirical formula characterizing the relation between the object thickness and the 
chromatic error, which shows that the resolved distance cannot be less than 0.1 
the thickness of the object, we find that at the maximum gas pressure used it 
will be equal to 50 A. 

The experimental resolution of the electron microscope image of the object 
in the cell was determined with reference to particles of colloidal gold deposit- 
ed on one of the protective films. At a pressure of 120-170 mm Hg in the cell, 
we obtained a resolution of 80-100 A; at a pressure of 520 mm Hg, a resolution of 
120 A (Fig.3). 


Observation of Chemical Reactions 


Our test results showed that it is feasible to carry out electron microscop- 
ic studies of objects in a gaseous medium by means of the described cell; more- 
over we found that one can observe chemical reactions between a gas and a solid. 

We chose the reaction between silver and gaseous hydrogen sulfide in the pre- 
sence of oxygen. The silver was deposited by vacuum evaporation on one of the 
protective films. The experiments were carried out in cells previously tested 
for gas tightness. 

Prior to the reaction, the structure of the silver layer was checked by 
microphotography and recording electron diffraction patterns. A microgram and 
diffraction pattern for the initial silver layer are shown in Fig.4,a & at. Next 
we admitted a mixture of HoS (30 mm Hg) and O5 (10 mm Hg) into the cell and ob- 
served the ensuing change in the structure of the layer. Rather intense motion 
of the particles began in the area under observation some 2 min after admission 
of the gas (Fig.4,b). In fact, the high velocity of migration precluded obtain- 
ing a sharp photograph with an exposure of 1-2 sec at this stage. We establish- 
ed from the diffraction patterns that this instant corresponds to the beginnin 
of the chemical reaction: in addition to the lines of silver there appeared cies 
characteristic lines of AgoS in the patterns. The reaction apparently went to 
completion in the area under observation within 3-4 min (Fig.4,c & b'). Further 


Fig.4. Microphotographs (a,b & 

c) and electron diffraction pat- 
terns (a' & b') of a silver 
layer in the process of reaction 
with hydrogen sulfide and oxygen; 
V = 80 kv; a & a') initial layer, 
b) 2 min after beginning of re- 
action, c & b') 4 min after be- 
ginning of reaction. 


experiments showed that this rapid conversion of Ag to AggS occurred primarily 
as a result of the thermal effect of electrons. The initial silver structure 
persisted in neighboring areas shielded from bombardment. 

In a number of cases we observed decrease in the amount of material in the 
irradiated area and an increase in the neighboring areas. Apparently migration 
occurred owing to the appreciable. temperature differential between the irradiated 
and nonirradiated sections. 

Aside from the positive influence of electrons, i.e., stimulation of the 
reaction, we also observed a negative influence, namely, formation of a coating 
over the object; the thickness of the coating appeared to be proportional to the 
time and intensity of electron bombardment. The formation of the coating led to 
an appreciable decrease in image contrast. In cases when the reaction proceeded 
more rapidly than the coating formation, it was possible to observe all stages 
of the reaction. In other cases, the reaction ceased at an early stage. This 
secondary effect of electron bombardment must be borne in mind in selecting con- 
ditions for observation of reactions. 

Electron microscopic observation of the reaction between silver and hydrogen 
sulfide in the presence of oxygen enabled us to follow the process of conversion 
of silver to silver sulfide and to establish that the silver layer obtained by 
vacuum evaporation actually consists of agglomerates, which are not discrete 
structural units but groupings of several such units. The agglomerates do not 
enter the reaction as a whole; each structural unit enters the reaction separate- 
ly with subsequent enlargement as a result of coagulation of the particles dur- 
ing the conversion to silver sulfide. 
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Conclusions 
NSS bles lee 


Exhaustive tests of the experimental gas cell and techniques developed by 
us showed that it is feasible to carry out electron microscopic studies of ob- 
jects in a gaseous medium with a resolution not inferior to 120 A at pressures 
close to atmospheric. The cell can also be used for investigation with the aid 
of an electron microscope of reactions between a gaseous and a solid phase. 
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HIGH VOLTAGE ELECTRON GUN 


- N.M. Popov 


This report contains some observations and conclusions regarding the design 
and construction of an electron gun with an accelerating potential exceeding 100 
kv and regarding electron guns with V-type tungsten cathodes in general, arrived 
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at in the process of developing and 
testing the illuminating system of 
the 400 kv electron microscope re- 
ported on earlier. 

One of the distinctive features 
of high voltage guns is multiple 
stage acceleration, in contrast to 
the single stage commonly used in 
guns with potentials under 100 kv. 

A necessary condition for stable 
operation of the gun is that the 
potential difference between neigh- 
boring electrodes in the vacuum must 
not be excessive - preferably not 
over 100 kv. Hence the overall ac- 
celerating difference of potentials 
must be divided among a number of 
intermediate electrodes. This, of 
course, involves increasing the 
length of the optical system. More- 
over, one must introduce intermediate 
immersion lenses into the gun's opti- 
cal system. Finally, one must take 
into account relativistic effects 
which can generally be safely neg- 
lected in the case of potentials up 
to 100 kv. 

The basic gun used in our ex- 
periments is diagramed in Fig.l. 

The length of the three-fin parti- 
tion insulators in each 100 kv stage 
is 200 mm. Corona formation is in- 
hibited by toroidal shields of 
polished aluminum surrounding the 
high voltage units of the gun. The 
intermediate electrodes are cylindri- 
cal. The optical layout of the gun 
is such that no electrons are stopped 
at the intermediate electrodes and 
the grounded anode. Hence the gun 
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X-rays are emitted only by 
the aperture diaphragms lo- 
cated lower, i.e., in the 
grounded microscope column, 
where lead shielding is 
easily installed. 

The entire gun together 
with the condenser lens can 
be displaced in the horizontal 
plane and tilted by means of 
an appropriate mechanism. The 
cathode can be displaced rela- 
tive to the gun horizontally 
and vertically by a separate 
mechanism. The intermediate 
electrodes are adjusted by 
means of a suitable gage 
Fig.3 during assembly. 

The optical system of 
the gun comprises four immersion lenses, the first of which (the cathode lens) is 
very strong, while the remaining three are very weak (owing to the high initial 
electron velocity). The integral effect of the three lower lenses is close to 
the effect of a uniform field with the same potential difference. The cathode 
lens is characterized by a very wide velocity range: from thermal velocities to 
100 kv. We distinguish three electric field zones over the length of the lens, 
qualitatively different as regards their role in the formation of the electron 
beam. 

The first zone, the "planar condenser zone’, is located at the surface of 
the cathode where the curvature of the field is insignificant and the electron 
trajectories are parabolas. The second, the "controlled zone" (from some deca- 
volts to kilovolts), is characterized by the fact that the electron paths in it 
depend substantially on the shape of the electrode and the bias voltage. The 
third, "the high velocity zone’’, extends from the exit from the cathode lens and 
is not suitable for control of the beam. 

For the purpose of investigating the gun parameters we constructed a cathode 
lens, the electrodes of which are shown in Fig.2. This cathode lens was subse- 
quently used in the 400 kv model microscope. In Fig.2, A is the V-shaped cathode 
of tungsten wire, B is a planar and C is a conical control electrode, both of 
which are at the same potential. The diameter of the B electrode aperture is 10 
mm. The first intermediate electrode of the gun (the first stage anode) is cyl- 
indrical and has no aperture diaphragm. The geometric parameters of interest 
were H, h and d, (Fig.2). This electrode configuration is close to that proposed 
by Steigerwald2; with H = 0, we have essentially a gun with a Wehnelt cylinder. 

The gun supply circuit is shown in Fig.3. The high voltage is applied di- 
rectly to the control electrode. The potentials for the intermediate electrode 
are taken off the divider Ra—~Reg. For controlling the cutoff (blanking) poten- 
tial we used the "proportional bias" circuit proposed by us earlier; in this the 
bias potential on the cathode is taken off the variable resistor Rg connected in- 
to the voltage divider circuit. If the emission current is small compared with 
the current in the divider circuit, the bias potential remains proportional to 
the accelerating potential throughout variation of the latter. The cathode heat- 
er voltage is controlled in the conventional manner by the variable resistor R 
the voltage being indicated by the voltmeter V. The magnitude of the bias is , 
expressed not in units of potential but in terms of the value of the resistance 
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Fig. 4. 


R,, the overall resistance of the divider series being 700 megohm. The acceler- 
ating voltage is measured by a special electrostatic kilovolt meter, calibrated 
with respect to electron diffraction. 

The configuration of the field in the vicinity of the cathode as recorded 
in an electrolytic tank is shown in Fig.4 (A is the conical control electrode 
and B is the cathode; the dash lines indicate the blanking equipotential line; 
the hatching denotes the emitting part of the cathode; a,b & c represent succes- 
sive stages of blanking; the electron trajectories are indicated by the solid 
lines). As the beam is blanked out the emitting surface decreases; the accompany- 
ing change in the configuration of the field favors better concentration of the 
bean. 

Under conditions even closer to blanking, the density of the emission cur- 
rent also begins to decrease. The optimum operating conditions for the gun are 
‘when the field configuration is still favorable for focusing, while the blanking 
does not yet begin to reduce the emission current density. 

The theoretical brightness of the beam of an electron gun (according to Lang- 
muir?) in cases when the accelerating voltage is great compared to the initial 
electron velocity is 


a Joep 
~~ akT * (1) 


here co is the brightness, i.e., the current density per square cm per unit solid 
angle, @ is the total accelerating potential of the gun, e is the charge of an 
electron, ks is Boltzmann's constant, T is the absolute temperature of the cathode, 
and /, is the density of the cathode emission current. The most probable initial 
electron velocity is kT/e. Langmuir's formula was derived on the assumption that 

all the electrons emitted from the cathode according to Lambert's cosine law par- 
‘ticipate in formation of the beam. 

We obtain the current density J; (in amperes per square centimeter) in the 

‘beam from Eq.(1), expressing the solid angle in terms of the angular aperture 

(in radians) and introducing the relativistic correction to 9 (in volts): 


Joa? Toarep ’ 2 
I= 300 kT (1 a Se) (2) 


Inserting the numerical values of the constant quantities in (2), we obtain 
the maximum theoretical beam current density in any part of the microscope column, 
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owing to imperfection of the focusing field, the 
electrons emerging from the cathode at angles close to n/2 from the yee x Mi 
cathode surface are focused closer to the cathode and) 4 Oxm a tubular (ho fee q 
vergent beam, i.e., they do not participate in formation of ane main ee 
beam. Consequently, the actual current density in ae beam is somewhat lower 
than the theoretical. The experimental work of Haine and others showed thaw 
for an electron gun with a V-type cathode and Wehnelt ey ecey the theoretical 
current density is obtainable in practice given an appropriate ee of ee 
meters. This does not mean, however, that the theoretical density is obtainable 
in all guns or under all conditions. 

In our experiments to determine the most advantageous values of H, h, d, and 
Ro the angular aperture was measured by means of a small diaphragm with reference 
to the diameter of the shadow image of the electron source, using the formula 


In an actual cathode lens, 


dry 4 
a= >, (4) 
where d, is the diameter of the blackened spot on the photographic plate (deter- 
mined from the half-width of the plate density distribution curve as measured by 
a photometer) and L is the distance from the diaphragm to the photographic plate. 

The current density was calculated by the formula 

i (5) 
na 

where dq is the diameter of the diaphragm aperture, and I is the current density 
after the diaphragm as measured by a galvanometer connected to a probe. 

Varying the parameters of the cathode lens with a constant diameter ea AS 
u of the tungsten filament forming the cathode, on the basis of numerous measure- 
ments, we were able to determine the parameters at which the theoretical beam 
brightness was ey attained. The optimum parameters were H = 9 mn, h = 
= 0.05 mm, dy, = 0.66 mm" and Ro = 240 kilohm. Under the conditions determined by 
these parameters the emission current Ig = 200 wa, the heater current I, = 2.65 a, 
the cathode temperature T = 2800°K and the cathode emission current density J, = 
= 3.54 amp/cem2. The last figures were calculated according to the data of Vlasov? 
on the basis of the given cathode filament diameter and heater current. The dia- 
meter of the emitting region of the cathode can be evaluated by the formula 


I 
c ] TJ y? (6) 


which is based on assumption of a uniform distribution of the current density 
over the beam cross section. Actually this is not the case; hence Eq.(6) can 
serve only as an approximation in engineering design calculations. 

Similarly the approximate "effective’’ beam diameter D at any point in the 
optical system can be evaluated by means of the formula 


is the smallest that could be realized in practice in view of the size of th 
cathode. The brightness decreases with increase of dx « 


*The indicated diameter of the aperture in the conical electrode ( d, = 0.66) 
e 
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Oi 
D=2 ee 
TI y 2 (6a) 
where I is the beam current. 
For our case, from Eq.(6) we obtain Do = 85 yw, i.e., 


d= 1.5 Da. (7) 


Thus the minimum acceptable diameter of the cathode filament for a given emission 
current can be determined by means of (6) Jand =~ (7) 


Cathode 
image 


Fig.5 Fig.6 


In order to determine the coordinates of the electron source,we replaced the 
above mentioned aperture diaphragm by a grid with spacing } and photographed its 
shadow image, then measured the mesh spacing ), in the image. Denoting the dis- 
tance from the grid to the photographic plate through /; and the distance from 
the grid to the electron source by Zz, we can write 


ag URES (8) 
bi; —b 
In this manner we found the coordinates of the actual constriction of the 
beam and of its imaginary image. The path of the rays is shown in Fig.5. Here 
A is the cathode and B is the maximum constriction of the beam (crossover), loca- 
ted approximately at the exit from the cathode lens; this is the pupil of the 
optical system of the gun. Further the rays undergo weak focusing by the inter- 
mediate immersion lenses and enter the condenser lens D as a divergent beam which 
determines the position of the imaginary image of the pupil C (in our case ap- 
- proximately 1 meter above the cathode). It is important to note that the gun 
optics are virtually not susceptible of regulation, i.e., the coordinates of the 
pupil and its imaginary image cannot be controlled to any extent (probably in the 
case of shorter guns some variation may be obtained). The pupil diameter Dp» 
from 
Dp = 220 (9) 
proved to be 0.2 mm; the diameter of the imaginary image of the pupil was 0.4 mm. 
For control of the angular aperture and with it (according to Eq.(3)) the 
beam current density, one must use a condenser lens reforming an image of the 


pupil in plane E (Fig.5). 
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Fig.6 shows the path of the rays in the cathode ene ES ae enn 
indicated in the figure by heavy lines, emerge no na a 
i i lane of the pupil. With proportional piasethe path of S 
Se nen sities te not vary Bess variation of the accelera lire PORE? Ait ORS 
to the fact that at every point the electron velocities are POP Raita lead if 
field potentials (if we neglect the relativistic correction) . This con i ae : 
not fulfilled only in the zone of the planar condenser, inasmuch as the aaa 
thermal velocity remains unchanged. This however, Oe not matter poets t oer 
principal rays are concerned because their direction in pie zone coincides wi 
the direction of the field vector. The apertures at the exit non the electron 
gun are always small and hence the diameter of the beam is defined only by the 
path of the principal rays and does not depend on the angular aperture. 

Thus, with proportional bias, the diameter of the beam does not vary with 
changes in the accelerating potential; at the same time the beam current density 
also remains constant. But it will be apparent from (2) that for J; to remain 
constant the angular aperture « must change. Neglecting the relativistic correc- 
tion (the term in Eq.(2)), we obtain 


a yee (10) 


where the proportionality constant @ can be determined from (2). Physically, 

this change in « occurs as a result of variation of the diameter of the pupil, 
owing to change in the divergence of the parabolic beams in the zone of the planar 
condenser. The relativistic correction can be significant in our case only in 

the weakest lenses of the gun and hence can have 
no substantial effect on the result given by Eq. 
(10); this is substantiated by tests. 

To determine the role of space charge in the 
gun optics under the optimum operating conditions, 
we varied the cathode heater current, keeping the 
other parameters constant. Fig.7 shows the ob- 
served variation of the beam current as a func- 
tion of the emission current (the beam was de- 
fined by a small aperture). As will be seen from 
the figure,at low temperatures the variation is 


100 


50 100 150 200 linear, while at higher temperatures (heavier 
Tn» Ha heater currents), the curve bends upward, which 
Fig.7 can be due only to the influence of space charge. 


Space charge affects the increase in brightness. 
It may be inferred, therefore, that space charges appear on the surface of the 
enclosed part of the cathode and, influencing the configuration of the cathode 
lens field, enhance focusing of the beam. Hence to attain the theoretical beam 
intensity the gun should be operated with the cathode at the highest feasible 
temperature. 
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CONCERNING THE DESIGN OF ELECTRON MICROSCOPE POWER SUPPLIES 
- V.V.Polivanov, A.V.Iz'yurov & V.V.Il'in 


The fundamental problem in the development of new power supplies for elec- 
tron microscopes is increasingly close regulation of the high voltage and the 
lens current. In this respect the history of electron microscope power supplies 
is characterized by the following table. 


: High voltage Instability 

Microscope Resolution, A Instability, of lens cur- 
% Ripple, % rent, % 
_EM-3 (1949) 60 0.1200 0.0070 0.0050 
UEM-100 (1951) 50 0.0600 0.0035 0.0016 
UEMB-100 (1957) 15-20 0.0100 0.0010 0.0010 

Experimental model 

(1958) - 0.0050 - 0.0005 
Required according To attain 10 0.0035 - 0.0010 
to theory (Ref.1) LOmaGeaa neo 0.0006 = 0.0005 
Best foreign models 10-15 0.0030-0.0050 - 0.0010 


It will be evident from the table that for further improvement of the reso- 
lution of domestic electron microscopes one must strive for greater stability of 
the high tension. 


1. Reduction of high voltage instability 


Experiments carried out in 
® Ro 1958 showed that by improvement 
w= +R | RR, c : : 
“2 1D (°"p of the regulation circuit adopt- 
Arak Bra | ed for the UfMB-100 electron 
microscope one can obtain a 


further substantial reduction 
ref of the instability of the high 
zdc amplifier voltage supply, i.e., reduce 
it to the level necessary to 
Fig.l. Sampling circuit in high voltage regula- obtain a resolution of 10 A. 
tor: a) with resistance type divider, b) with To this end, in our opinion, 
divider consisting of a resistance and a pentode. one must, first, reduce the re- 
sistance of the sampling cir- 
cuit, i.e., lower the input resistance of the amplifier (Fig.1,a) and, second, 
increase the dividing factor in the sampling circuit for the purpose of increas- 
ing the feedback signal (for example, one can incorporate a pentode as the lower 
arm in the voltage divider and utilize the appreciable difference between its 
dc (Rp) and ac (R;) resistances - Fig.1',b)s j 
An important factor is the time constant of the regulator. From this point 
of view a promising expedient is incorporation of the stabilizing unit directly 
into the high voltage circuit (Fig.2). 
High-frequency high voltage sources also appear to be promising both from 
the standpoint of regulation and from that of size and weight. Experimental 
high-frequency sources supplying 50 and 125 kv have been developed and tested 


with excellent results. 


vee wis 
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Fig.2 Fig. 38 Fig.4 
Fig.2. High voltage regulator with the stabilizing unit in the high voltage cir- 
CULT. 


Fig.3. Full-wave voltage doubler CiTCUrt. 
Fig.4. Half-wave voltage doubler circuit. 


2. Reduction of high voltage ripple 


Actual measurements of high voltage ripple showed an appreciable divergence 
between the calculated and measured values. This led us to investigate the char- 
acteristics of high voltage rectifiers and filters; we established that the de- 
sign calculation errors stem primarily from disregard of the distinctive condi- 
tions of operation of high voltage sources as compared with conventional power 
supplies: power supplies for electron microscope guns are characterized by a high 
potential and a low load current. Under these conditions the principal cause of 
ripple is not the useful external load current but internal processes, inherent 
in the circuit and peculiar to the given design. 

A common circuit for voltages up to 100 kv is the familiar full-wave voltage 
doubler circuit diagramed in Fig.3. The capacitance Cx is the total capacitance 
between the ground and all the rectifier elements subjected to the high voltage 
pulsations. Together with the capacitor Cj this capacitance forms a circuit for 
alternating current, the source of which is the transformer. Usually, Cx ~ 100 pf 
which with a transformer voltage of 50 kv yields an alternating current of about 
1.5 ma. In this case the capacitor C, serves as an auxiliary source of ripple 
with the line frequency. The useful load current, which is usually less than 
100 wa, gives rise to appreciably smaller pulsations with twice the line frequen- 
cy. The half-wave doubler circuit shown in Fig.4 is free of this shortcoming in- 
asmuch as the capacitive currents in it bypass the rectifiers and hence have no 
influence on the output voltage. 

Consequently, from the standpoint of suppressing ripple in the output of 
high voltage sources operating under low current load conditions the half-wave 
doubler circuit is preferable to the full-wave one. Comparative tests show that 
by using a half-wave instead of a full-wave voltage doubler circuit one can re- 
duce the ripple by a factor of 10-15 with the same smoothing filter. 

It must be noted, however, that going over to the half-wave circuit does not 
wholly eliminate the above mentioned divergence between the calculated and measur- 
ed ripple levels. 

Experiments showed that when the rectifiers and filters are immersed in a 
common oil tank the ripple voltage rapidly increases with the potential, is vir- 
tually independent of the load current (in the range of small currents’ sand de- 
creases as a result of shorting the filter (particularly the output) resistors. 
These results indicate that a Significant proportion of the pulsations is due to 
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inductive factors. The source of the 
trouble is the alternating electric 
field of Cy, which extends to the re- 
gion of the filter components. Sepa- 
ration of the rectifier and filter 
(i.e., housing these components in 
separate tanks) suppresses the induct- 
ive effect and reduces the high volt- 
ie $ age ripple by a factor of 50-100. 
Fig.5 Fig.6 In designing high voltage sup- 
plies, in addition to the above men- 
Fig.5. Typical current regulator circuit. tioned factors, one must take into 


Fig.6. Current regulator with amplifier account a number of other secondary 
tube plate supply from a stabilized volt- causes of ripple. These include in- 
age source. Moy - regulated voltage. ductive coupling through the high- 


-frequency cathode heater transformer, 
the influence of the high voltage current measurement circuit, and the effect of 
the selenium rectifier back current. The first two sources of ripple are easily 
suppressed; the last, as tests showed, results in a very minor increase in pulsa- 
tion. 


3. Improvement of the current regulator circuit 


At present electron microscope lens currents are usually stabilized by means 
of an electronic current regulator of the series type with negative feedback (Fig. 
5). Careful analysis of this circuit shows that it is susceptible of improvement. 
The control grid voltage of the stabilizing tube Ty is influenced primarily by 
two conflicting factors, namely, variation of the input voltage and the amplifier 
feedback signal: 


R; 
AV,z, = s—— AV 


= ge SO ee EE, 
eo hts Cie ee 3 La eI R, A ® 


The first cerm in the above equation represents the deleterious influence 
of instability of the input voltage on the operation of the regulator. Its unde- 
sirable effect can be eliminated if the plate circuit of the amplifying tube is 
supplied with regulated voltage (Fig.6). Use of a stabilized voltage supply for 
the plate circuit of the amplifier tube allows of reducing the instability of 
the lens current to 0.001% or less. 


4. Heating of lens coils 


In designing electronic current regulators for supplying electron lens cur- 
rents difficulties are sometimes encountered in correlating the wide range of 
current regulation required with the rated operating characteristics of the Rube: 
The regulation range depends to a certain extent (i.e., is broadened) on varia- 
tion in the resistance in the lens windings owing to resistive heating. We car- 
ried out a series of tests which showed that lens coils heat up appreciably even 
in the case of intensive water cooling. The curves of Fig.7 show the variation 
with time of the temperature ty, of the lens housing, the temperature tp of the 
winding wire and the resistance R;, of the wire for two objective lens designs 
(UEM-100 and UEMB-100 microscope lenses) under identical conditions. i will be 
evident from the curves that the resistance and temperature of the windings 
change rapidly during the first 30-40 minutes of operation. Water cooling ef- 
fectively cools the lens housing but not the winding itself, owing to the poor 
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Fig.7. Variation with time of the coil housing temperature ty, winding conductor 
temperature tp and resistance of the lens winding Ry: a) objective lens of the 
UEM-100 electron microscope, b) objective lens of the UEMB-100 microscope. 


thermal conductivity of the electrical insulation. Introduction of an intermedi- 
ate brass disk, such as that used in the UEMB-100 microscope lens, appears to be 
helpful. 

In view of the rapid variation of the coil resistance during the warm-up 
period, to realize the maximum resolution of the lens, it would appear necessary 
to wait at least 30-40 min after switching on the instrument before starting ob- 
servation. 


5. Some observations regarding the design of power supplies 


Until recently all the power supply units,except the high voltage supply, in 
domestic electron microscopes were located inside the instrument cabinet and their 
design was adapted to the dimensions and shape of the cabinet. With the develop- 
ment of advanced models of electron microscopes the number and complexity of the 
various supply units increased. Each new microscope model required redesign of 
the units to allow of housing them in the cabinet. 

At present a number of standard circuits have been evolved for the power 
supply units of 100 kv electron microscopes and diffraction cameras; these basic 
designs repeat and are used with minor modifications in different microscope 
models. The units in question include rectifiers and regulators for supplying 
the lenses, high voltage rectifiers, stabilizers and filters, and electron gun 
heater and bias supplies, i.e., the usual assortment of units comprising the 
power supply of any 100 kv electron microscope or diffraction instrument. 

In view of this, it is now expedient to develop a number of standard "uni- 
versal” units equally suitable for supplying the needs of different instruments, 
i.e., to develop and adopt a unitized power supply complex. Conversion to the 
unit type of construction, however, involves separation of the microscope and the 
power supply, i.e., housing the power supply in a separate cabinet. Such separa- 
tion, in addition to design and technological advantages, has certain operational 
merits. Thus housing the power supply in a separate cabinet removes the trans- 
formers, which are sources of alternating magnetic fields and mechanical vibration, 
from the immediate vicinity of the microscope column, Moreover, this separate ar- 
rangement is more convenient and practical from the standpoint of maintenance and 
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repair. Hence in the case of 100 kv microscopes we are strongly in favor of 


taking the power supply assembly out of the microscope cabinet and locating it 
in a separate housing. This has been done in the case of a number of foreign 
‘microscopes and the Soviet UEMB-100 electron microscope. 

On the other hand, in the case of 50-60 kv instruments, we feel that such 
separation is not desirable, particularly since in view of the less exacting 
requirements as regards regulation, the power supply units can be made more com- 
pact and hence can be more easily housed in the instrument cabinet. 

In going to higher resolutions (“15 A) the requirements and specifications 
for the individual components of the power supply become more exacting. In fact, 
it becomes necessary to select, match and test all the components (resistors, 
Capacitors, tubes, relays, contacts, etc.) in order to insure the requisite close 
regulation. 

The above mentioned tests and research were carried out in connection with 


development of the power supply assembly for the new UEMB-100 electron microscope? 
which has a maximum resolution of 15 A. 
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COMPUTER FOR DESIGN CALCULATION OF FIELDS IN ELECTRON-OPTICAL SYSTEMS 
- G.V.Der-Shvarts & K.A. Netrebenko 


the fundamental problems arising in the design of electron-optical 
tric and magnetic fields. Ordinarily the cal- 


tion of the Laplace and Poisson equations for 


One of 
systems is calculation of the elec 
culations reduce to numerical solu 


different boundary cases. 
It can be shown! that for solution of such problems it is expedient to use 


special purpose calculating equipment combining digital and analog computation 


principles. 
At present we have designed and partially constructed a special purpose 


computer intended for the calculation of fields possessing rotational symmetry. 
The salient features of the computer are described below. 


Components and Computation Scheme 


A block diagram of the special purpose computer 
is shown in Fig.1. Approximate values of the field 
potentials are obtained on the matrix type integrator 
1. These are measured by the automatic potentiometer 
2 and printed out on paper in the decimal or octal 
system. At the same time the values are recorded in 


Fig.1. Block diagram of binary code on magnetic tape. Further successive ap- 
computer equipment: 1) proximations! are realized by the digital integrating 
matrix integrator, 2) assembly consisting of the arithmetic unit 3 and the 
automatic potentiometer, multiple-track magnetic tape memory 4. 

3) arithmetic unit, 4) 

magnetic tape, 5) printer. Matrix integrator* 


The resistance network integrator is designed for integrating the equation 


r 


The nodal points of the electric network correspond to the nodes of the 
square matrix in the r, z plane. 

The orientation of the nodes relative to the coordinate axes is shown in 
Fig.2. The resistors forming the matrix were calculated by means of the equations 
given in Ref.1. For purposes of solving electron-optic problems these equations 
yield oeeee approximations than the logarithmic formulas proposed by some au- 
thors. 

The total number of nodal points is about 2500: specifically, there are 64 
nodal points along the z axis and 40 in the r direction. The total number of re- 
sistors is about 5000; half of them have values from 1 to 2 kilohm, one third - 
from 2 to 5 kilohm; the remainder from 5 to 160 kilohm. The resistors are fabri- 
cated of manganin wire and consist of two parts; the main part wound with a toler- 
ance of 1% and an auxiliary section bringing the resistance to within 0.03-0.01% 
of the specified value. ; 

Input of the specific boundary conditions is realized by a voltage divider 
which consists of a tapped resistance of 128 sections. The overall resistance 
of the divider is about 5 ohm. Using only 100 sections one can set boundary po- 
tentials from 0 to 1 in 0.01 steps in the usual decimal system. Using 120 sec- 


: *O.B,Belonozhko and V.N.Vzorov participated in the construction of the inte- 
grator. 
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Py B, & by Q <-Fig.2. Integrator network.Re- tions, one can feed in 
| sistances are computed by the fractional values with 
| | | | | ; . denominators that are 

z formulas on a) and b,=;~ . multiples of 3 or 8. 


Finally, using all 128 
sections, one can speci- 
fy potentials in the 
octal system. This may 
prove more convenient 
when the integrator is 
operated in conjunction 
with a digital computer; 
if all auxiliary calcu- 
Fig.3. Diagram of one decade lations are carried out 
of the voltage divider. by means of an octal cal- 
culator, use of the oct- 


al system will obviously simplify the entire operation. 

For input of potentials with three or four marks, one can use a set of volt- 
age dividers operating on the current summing principle.3 These dividers are 
used either for additional division of the voltage in one of the sections of the 
main divider or are connected directly to the basic voltage. 

Fig.3 shows the circuit of one decade of the divider, by means of which one 
can obtain at the output voltages ranging from 0 to 0.9 of the input voltage in 
0.1 steps. Each decade requires only four resistors and one 10 position selector 
switch. The four switching contacts shown in Fig.3 are controlled by four disks 
with appropriately arranged cams. In addition, there are several similar dividers 
with an octal scale. Power for the matrix is supplied from a 30 v, 240 ampere-hr 
storage battery. The complete matrix is divided into 40 subunits each of which 
contains 64 nodal points forming an 8 x 8 square. A photograph of a matrix unit 
is reproduced in Fig.4; a picture of the complete integrator in Fig.5. 

A lead from each nodal point is brought out to a terminal on a small verti- 
cal panel of the unit. These leads serve for input of the boundary conditions. 
Step selectors mounted inside the individual units are employed for connecting 
the output of the automatic measuring device in turn to all the nodes of the ma- 
trix. The resistors are mounted on an internal horizontal panel measuring 270 x 
x 400 mm. The units are connected with each other by means of plug-in connectors 
located on the back walls. The mating sockets are mounted on the fixed back panel 
of the integrator housing. The described unitized design is compact and provides 
for easy installation, inspection and repair of the matrix. 

We also developed another version of the integrator which simplifies pre- 

ventive maintenance and trouble shooting. In this version the matrix is divided 
in two parts each of which contains only two “vertical” rows of resistors - an 
an, and a b, row (see Fig.2). To save space and simplify installation, the matrix 
‘units in this version are arranged checkerboard fashion in two rows. In this case 
there is no fixed back plug-in panel and the units are connected directly with 
each other: the sockets for the front row unit plugs are mounted on the back row 
units. 

To check the accuracy of the integrator we obtained the analytic solution 
for the potential distribution in a tubular lens consisting of two bores of equal 
diameter D separated by a gap S = D/2. It was assumed that the potential in the 
gap increases linearly. Comparison of the results of precise calculation with 
the data worked out by the integrator showed that the maximum error is of the 


order of 0.05%. 
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Fig.4. Integrator matrix unit. Fig.5. Integrator assembly. 
Automatic measuring and recording equipment 


Measurement and recording of the data obtained in the matrix integrator is 
fully automatic. Potential measurements are realized by a digital automatic po- 
tentiometer consisting of a measuring divider (employing a circuit similar to 
that shown in Fig.3), a divider switch consisting of a system of self-blocking 
electromagnetic relays, an electronic null indicator with automatic zero stabili- 
AA and a rotating programming switch which controls the operation of the re- 
lay. 

The measured voltage is obtained in binary-decimal code form at the relay 
output. A neon tube array is provided for visual reading of the voltage values. 
Conversion from the binary-decimal to the decimal system is realized in decades 
by four electromagnetic relays, which have a total of nine groups of switching 
contacts. 

The measured voltages are recorded on paper by a printer in the decimal sys- 
tem. At first, we used an SDU-type bookkeeping machine, equipped with solenoids 
for actuating the keys. Later we developed an automatic printing device based 
on a "Reinmetall"” (GsE) electric typewriter. The same typewriter can be used 
for printing out the revised (final) field potential values from the magnetic 
tape. 

An automatic digital bridge, operating on the principle of a potentiometer, 
is used for measuring the resistance of the matrix resistors for preventive main- 
tenance and repair. There is also an automatic potentiometer with a double 
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scale for work on the digital calculating units with provision for recording the 
potentiometer indications on paper in the octal system. 

In conclusion we note that the above described measuring equipment is appre- 
Ciably simpler than similar measuring instruments with step selector switches 
(see, for example, Shylandin5). 


Digital integrator 


Further refinement of the potential values worked out to 3-4 places in the 
decimal system by the matrix integrator is carried out on a digital computer. At 
present the first approximate solution is recorded on a one track magnetic tape 
from which it can then be transferred to the memory of a universal computer. In 
the future refinement and correction of the first approximation will be carried 
out on a special purpose computer. The efficiency of such machines for solution 
of problems in mathematical physics and in particular for the solution of Laplace 
and Poisson equations has been demonstrated in Refs.1 and 6. 

The digital computer, the development of which is now in the mock-up stage, 
consists of a rather simple arithmetic unit and an operative memory employing a 
standard multiple-track magnetic tape. 
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NFLUENCE OF EXTERNAL MAGNETIC FIELDS 


TRON MICROSCOPES AGAINST THE I 
Beis tle - P.A.Stoyanov & V.V.Moseev 


With advances in electron microscope design and the creation of microscopes 
of high resolution it became necessary to provide magnetic shielding for the ae 
croscope column. The penetration of an alternating magnetic field into the Behe 
umn is particularly harmful. Simple calculations show that in the case of a mi- 
croscope with a resolution of 5-10 A one cannot tolerate an extraneous alternat- 
ing magnetic field exceeding 10-6 oersted. 

Obviously, there are two ways in which the alternating field in the inst 
ment column can be minimized; these are 1) reduction of the external magnetic 
fields, and 2) increasing the shielding. External fields are reduced by removing 
all electric equipment that may be a source of magnetism to a distance from the 
instrument. There are, however, a number of sources of stray fields, such as the 
forevacuum pump motor, the diffusion pump heater and electric conductors, which 
perforce, must be located in the immediate vicinity of the microscope column. 
Hence it is necessary to provide adequate shielding. 

Steady magnetic fields in the microscope column arise as a result of residu- 
al magnetization of the instrument components and the stray fields of the magnet- 
ic lenses. These parasitic fields disturb the adjustment of the instrument and 
thereby impair its resolution. The effect of steady magnetic fields can also be 
reduced by appropriate and properly designed shielding. 

Under the usual operating conditions of an electron microscope the funda- 
mental frequency of the surrounding magnetic field is 50 cps; there may also be 
higher frequency fields, i.e., harmonics of the line frequency. However, the 
amplitude of the higher harmonics as compared with the fundamental frequency am- 
plitude is generally small and hence the higher frequency fields can be neglected. 
Consequently, all our tests were carried out in an alternating 50 cycle field. 

The magnetic field in the vicinity of the microscope column (specifically, 
an UEM-100 microscope) was measured by means of an exploring coil. The emf in- 
duced in the test coil was measured by an LV9-2 vacuum tube voltmeter. The ex- 
ternal magnetic fields were measured with the individual microscope supply units 
and components switched on singly and with all the units in operation. It was 
found that the strongest stray field sources are the motor of the forevacuum 
pump, the ferroresonance regulators and the diffusion pump heater. Our measure- 
ments showed that with the forevacuum pump motor and the diffusion pump heater 
of the UEM-100 microscope in operation the field in the vicinity of the object- 
ive lens attains a value of 5-10-4 oersted. With all units in operation it in- 
creases to 8-1074 oersted. The stray field attained an even higher value (1073 
oersted) in the vicinity of the projection lens. Since, as noted above, the max- 
imum allowable field in the microscope column should be some three orders of mag- 
nitude lower, it will be evident that the column shield should have a rather high 
shielding factor. 

In principle, shields can be monolithic, composite or of multiple layer con- 
struction, i.e., cylinders of coiled metal sheet. The magnetic shielding materi- 
al must be characterized by a high initial permeability and low coercive force. 
Permalloy meets these requirements; hence in the present work the shields were 
made of 79 NM Permalloy. 

For measuring fields and evaluating the efficiency of shields we assembled 
the set-up diagramed in Fig.l. A virtually uniform magnetic field in the test 
region was produced by two large coils (Kj and Ko). The field amplitude was re- 
gulated by varying the excitation current. Test coils were mounted inside and 
outside the shielded volume. The emf induced in the internal test coil was 
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amplified by means of a 
selective measurement 

_ amplifier and measured 

Shield f by an LV9-2 vacuum tube 


fest coll 2 
Test coil 1 voltmeter. 


The gain of the am- 
plifier was 56 000; the 
noise level, by virtue of 
thorough shielding and use 
of a battery power source, 
was only 10-7 v. Never- 
theless in a number of 
cases when the shielding 
coefficient was very high, 
the field inside the screen 
was too low to be measured 
at the usual level of the 
external field and it was 
necessary to increase the 

Fig.l. Block diagram of test set-up. external field (the shield- 
N ing factor was taken as 
the ratio of the external to the internal field). 
A series of preliminary tests showed that up to a 
certain value of the external field the shielding 
factor remains constant. The preliminary tests con- 
sisted of recording the variation of the shielding 
factor with the external field strength for a number 
of shields with different geometries. The resultant 
curves are shown in Fig.2. It will be evident that 
the shielding factor remains virtually constant in 


ar 1107 110" 7 10 700 the range of external fields of up to about 1 oer- 
be sted. 
Fig.2. Variation of the The shielding factor N of a cylindrical shield 
shielding coefficient with depends on its dimensions, the preliminary heat 
the strength of the extern- treatment of the Permalloy and the structure of the 


al field: 1) shield length shield (single layer, multiple layer or composite). 


L = 125 mm, outside diameter The results of measurements of the shielding coef- 

d = 60 mm, wall thickness ficient of cylindrical screens having different geo- 
foo ml. 2) lL = 202, d = metric dimensions and subjected to different heat 
Beau. t= 2eo; 3) L = 180, treatments are shown in Fig.3. Curve 1 in Fig.3,a 
Ge=- U0, tT = 2.5. shows the variation of the shielding coefficient 


along the shield center line. This shield was not 
annealed. The shielding factor remains constant over most of the shield length 
and falls off only near the ends of the shield owing to penetration of the extern- 
al field. The zero N-value does not in general correspond with the end of the 
shield, shown schematically under the horizontal scale. The same non-coincidence 
of the zero shielding coefficient value with the actual end of the shielding 
cylinder is also evident in Figs.4-8. 

If the shielding cylinder is capped at both ends the penetration of the field 
is reduced and the shape of the distribution curve at the ends is altered. When 
only one end of the cylinder is capped, only the corresponding section of the 
curve is modified. 

The shielding factor of the 202 mm nonannealed cylinder characterized by 
curve 1 of Fig.3,a is 90 over almost its entire length. The shielding character- 
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Fig.3. Shielding coefficient distribution along shield axes: a & b) single cylin- 

der, d = 40, t = 2.5; c & d) d = 30, t = 2.5; e) coaxial cylinders with d= 40, 

t = 2.5 and d = 30, t = 2.5, respectively; a, c & e) not annealed, b & d) anneal- 

ed; 1) cylinders with open ends, 2) cylinders with one cap, 3) cylinders with two 
caps. Locations of cylinders indicated under the curves. 


istics of the cylinder change radically after high temperature vacuum anneal. [In 
this case the maximum value of the shielding factor exceeds 10 O00, but falls off 
rapidly towards the ends since the relative intensity of the field penetrating 
through the open ends is much greater for obvious reasons (see curve 1 of Fig.3,b). 
As in the preceding case, pene- 


i tration of the external field 
into the cylinder can be elimin- 
ated by means of caps (curve 2). 
7000 Similar curves for a smal- 
? ler diameter cylinder are shown 
in Figs.3,b,c & d. While the 
1000 ! 


absolute values of the shielding 
factor are higher, the general 
character of the curves is the 
i same. 

If we assemble a coaxial 
shield of the two cylinders char- 
acterized in Figs.3,a & c, we 
obtain a much higher shielding 


factor. The properties of such 
Fig.4. Distribution of shielding factor along the a shield are represented by 


length of a shield with a butt joint: L = 202 mm, the curves of Fig.3,e. Where- 
d = 40 mm, t = 2.5 mm; 1) brass coupling, 2) Perm- as the shielding coefficients 
alloy coupling, of these cylinders separately 


oad 
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Fig.5. Shielding factor distributions for sectional shields with butt and over- 
lapping joints: L = 202 mm, d = 40 mn, t = 2.5; 1) butt joint, machining after 
annealing, 2) overlapping joing, machining after annealing, 3) overlapping joint, 
shield reannealed after machining. 
Fig.6. Shielding coefficient distribution at end of cylinder depending 
on syne Ol) Cans/L = 202.mm,<d-=-40-mm,—t-={-275-mmn-: 


were 90 and 190, respectively, the composite coaxial shield has a shielding coef- 
ficient of 5000. 

In some cases it is expedient to provide compound shields, i.e., shields 
built up of two or more sections. The shielding properties are always impaired 
at the joint, the decrease in the shielding factor depending on the character of 
the joint. In the case of a butt joint such as that shown in Fig.4, the shield- 
ing factor falls off sharply at the point of the joint, particularly if a coupl- 
ing of nonmagnetic material is used to assemble the two sections. The shielding 
loss is somewhat reduced by using a Permalloy coupling. 

The shielding factor in the region of the joint can be improved by using an 
overlapping, insert type joint. The shielding factors for a butt and an overlap- 
ping type joint are compared in Fig.5. It will be seen that a second annealing 
to relieve the strains resulting from machining further improves the shielding 
factor (curve 3 in Fig.5). The character of the shielding factor curve for the 
end of the cylinder varies in the same way depending on whether the cap joint is 
of the butt or insert type (curves and drawings 1 & 2 in Fig.6). 

In the case of massive shields one can eliminate the dip in the shielding 


factor curve at the joint by generous overlapping. A shield of this type and 


the corresponding shielding factor curve are shown in Fig.7. In some cases, in 
designing shields for electron microscopes, one must provide for observation of 
the intermediate fluorescent screen located within the shielded volume. A pos- 
sible design is suggested in Fig.9. Naturally in this case the shielding factor 
distribution depends substantially on the geometry of the shielding. 

Fig.8,a shows a family of shielding factor curves for a shield consisting 
of two cylinders of different diameters as a function of the overlap 8 as indi- 
cated in the drawing under the curves. Similar curves are obtained when the 
cylinders instead of overlapping are separated by a gap 6 (Fig.8,b). Naturally, 
in the latter case the shielding factor dips to a greater extend than in the 
former. 

Hitherto we have been discussing shields that can be annealed after fabri- 
cation. In practice, however, there are cases when the shields must be made more 
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or less integral with the micro- 
fT scope column thereby precluding — 
10000 annealing after forming. In 
this case one must use prean- 
nealed material. If in the pro- 
cess of forming the shield (for 
example, winding Permalloy rib- 
1000 bon or sheet) the material un- 
dergoes substantial deformation, 
the shielding characteristics 
may be greatly reduced. Tests 
showed, however, that even in 
this case one can often retain 
an appreciable shielding coef- 
ficient. Thus, for example, 
if annealed Permalloy is wound 
10 inside out and in the winding 
the layers are made tight (re- 
winding under tension) the 
shielding coefficient falls off 
from 20 000 to 200. If, on 
the other hand, the “reverse” 

Y 3 W 10 L,am winding is made loose, the de- 
crease in shielding factor is 
greatly reduced (400 before re- 
winding and 320 after rewind- 
ing). 

We measured the permanent 
magnetic fields due to the same 
shields by means of a test 
generator operating on the 
principle of a rotating coil. 
The emf induced in the coil 
(proportional to the measured 
field) was measured by a sensi- 


100 


Permalloy sheet 


Fig.7. Shielding factor distribution along tive galvanometer. The sensi- 
the axis of a composite objective lens shield: tivity of the test generator 
Hy = 2.26°1072 oersted, Nua, = 2700. set-up was 3.6°1074 gauss/mm. 


Prior to measurement the shields 
were magnetized by a strong external field. It was found that in nonannealed cyl- 
indrical shields of so-called "ingot" Permalloy the field attains a value of 1 
oersted. Annealing reduces the field to between 1072 and 1073 oersted. 

If the shield is subjected to mechanical treatment after annealing, for ex- 
ample, machined on a lathe, the constant field increases by approximately a fac- 
tor of three. 

In the case of cylindrical shields of sheet Permalloy we failed to detect 
any noticeable remanence after magnetization of the shield. Furthermore, we found 


Seep shields could be completely demagnetized in an alternating field of 40 
oersted, 
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Fig.8. Distribution of shielding coefficient along the axis of two coaxial cylin- 
ders depending on the overlap & (a) or the separation § between the sections. 
Values of 5 at the curves and all dimensions in mn. 
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Conclusions 


Stray fields in excess of 1076 oersted cannot 
be tolerated in the column of a high-resolution 
electron microscope. 

Our tests showed that normally there are al- 
ternating fields of the order of 10-3 oersted in 
the vicinity of the microscope column. 

The field inside the column can be reduced 
to the requisite level by means of shielding of 
"ingot or preferrably ribbon Permalloy. The best 
results are obtained if the shield is vacuum an- 
nealed after forming. The geometry of the shields 
can be varied within a certain range, but it should 
be borne in mind that joints, even overlapping and 
particularly butt joints, seriously impair the 
shielding characteristics. In some cases one can 
use compound shields consisting of several cylin- 
Fig.9. Suggested field design drical sections of different radius. The shield- 
to permit viewing of inter- ing coefficient in the region of the joint can be 
mediate fluorescent screen. substantially reduced by adequate overlapping. 

When it is desired to have a very high shield- 
ing coefficient, it is expedient to use shields consisting of several coaxial 
cylinders. In case of necessity one can dispense with annealing after forming 
by using preannealed Permalloy ribbon. A higher shielding coefficient is attained 
if the winding is loose. 

The permanent magnetic fields due to the residual magnetization of annealed 
shields are weak. 
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SOME IMPROVEMENTS IN THE DESIGN OF THE EM-3 ELECTRON MICROSCOPE 
- Yu.V.Chentsov, V.N.Vertsner & G. A.Bogdanovskii 


Over the past few years we have worked out a number of relatively simple 
modifications of the EM-3 electron microscope which increase its resolution and 
facilitate operation.!,2 It has been found in work with the EM-3 that its illu- 
minating system does not always provide a sufficiently bright final image at the 
highest magnifications. To improve the operation of the illuminating system, 
the electron gun has been converted to negative bias operation. To this end the 
third lead in the high frequency filament transformer, which goes to the bias re- 
sistor (Rp = 100 megohm) located in the microscope cabinet, has been by-passed. 

A new electrode geometry has been developed (Fig.1). 
As a result of these modifications the diameter of 
the crossover is reduced to 20-25 uw and the maximum 
current density at the crossover increased. The 
total electron load on the specimen is appreciably 

Control reduced, while the screen brightness has become ade- 
electrode : Agr a 

quate over the entire range of magnifications. 

The new electrode geometry imposes more exacting 
requirements on positioning the cathode. According 
to our data, the gun operates satisfactorily when the 
tip of the filament is located at the level of the 
upper plane of the control electrode aperture (Fig.l). 
4 The depth gage arrangement diagramed in Fig.1 has 
Fig.l. been developed for positioning the filament tip. The 
depth gage is used to determine the distance to the 
control electrode aperture; this distance is then fixed for future reference by 
means of the positioning screw 1, which is clamped by the locknut 2. Instead of 
welding the filament, it can be clamped in the tubular holders by means of the 
pins to which the filament is usually welded. These pins are easily pulled out 


Ry= 100 M2 


acc 


with pliers. 


ine i i 


In working with commercial models of the EM-3 microscope difficulties are 
sometimes encountered in aligning the center of brightness of the illuminating beam 
with the objective lens axis; this is due primarily 
to inaccuracies in machining the optical components 
of the microscope. Often horizontal displacement 
of the beam does not allow of centering the beam 
or proper alignment of the anode aperture with the 
Wehnelt cylinder. To facilitate centering of the 
illuminating system with respect to the objective 
lens, we developed the centering device shown in 
Fig.3; this is mounted between the condenser and 
objective lenses and provides for horizontal dis- 
placement of the illuminating system relative to 
the objective and tilting it through small angles 
relative to the center of the object. By means of 
this device the beam can easily be aligned with the 
objective lens axis. 

The resolution of the EM-3 microscope is limit- 
ed by axial astigmatism of the pole pieces of the 
objective lens. Careful studies of a number of pole 
pieces showed that the axial astigmatism is due pri- 
marily to ellipticity of the pole piece bore. Mea- 
Fig.2. surements of the astigmatism with reference to 
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Fresnel fringes at the edge of a round aper- 
ture showed that the astigmatic focus differ-| 
ence of individual pole pieces attains sever- 
al microns. By polishing the pole pieces 
with optical compound, using conical glass 
lapping plugs, we were able to reduce the el- 
lipiticity of the bore appreciably and obtain 
a good quality surface. As a result, the 
resolution of the instrument was appreciably 
improved. Enhancing the quality of the sur- 
Fig.3. face, however, does not improve the resolu- 
ution if the material of the pole pieces has 
inhomogeneities in the form of cavities or inclusions. Hence re- 
placement of the Armco iron pole pieces by pole pieces of homo- 
geneous and fine-grain Permindur gives better results. 

A high quality image can be obtained by using sleeve-type 
pieces made of Permindur (Fig.4), since in this case by proper 
positioning of the components one can compensate mechanical in- 
accuracies in the pole pieces. Through careful machining of such 
pole pieces and lapping of the bore and end surfaces one can re- 
duce the astigmatic focal length difference to 1 uw or less, which 
allows of obtaining a resolution of 30 Ke Making the projector 

lens pole pieces of Permindur allows of increasing 


Objective the magnification of the microscope by a factor of 
lens more than 1.5 (from 16 000 to 27 000 with V = 50 kv) 
The more exacting requirements as regards mechanical 
2 Aperture finish and material of the pole pieces can be met 
MLL. satisfactorily only in the manufacturing plant. 
The potentialities of the EM-3 as regards dif- 


cto aetga fraction studies can be greatly expanded by provid- 


ing a diffraction attachment for obtaining patterns 
by reflection. We have developed such an accessory 


MLE 


Projector which is intended for work with samples measuring 
HNN | HEHE lens 10 x 15 mm and having thicknesses from 1 to several 
se millimeters. The attachment mechanism provides for 
Fig.5. all the necessary displacements of the specimen. 


When the EM-3 is used for electron diffraction 
studies the pole pieces of the projector lens are removed and the lens itself is 
deactivated. The residual magnetic field of the lens, however, produces some dis- 
tortion of the diffraction pattern. This distortion can be eliminated by intro- 
ducing a magnetic shield in the form of a hollow steel cylinder with 5 mm walls 
into the upper section of the lens (Fig.5). 

In the EM-3 microscope there frequently occurs bothersome charge accumulation 
on the glass components of the photographic camera because of secondary electron 
emission from the fluorescent screen. This effect is particularly strong at high 
levels of image brightness and leads to distortion of the image scale. Charge 
accumulation can be eliminated by coating the glass plate on the inside with a 
semiconducting transparent layer of lead oxide. "Fogging" of the screen by scat- 
tered electrons can be minimized by installing a 2 mm diameter aperture in the 
lower part of the objective lens. 

Testing of the EM-3 high voltage power supply disclosed that an appreciable 
line frequency (50 cycle) voltage is induced in the accelerating potential cir- | 
cuit. The induction is due to capacitance between the windings of the step-up | 
transformer. Increasing the capacitance of the blocking capacitor Co7 to 5-10 ut 
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reduces the amplitude of the induced voltage by an order of magnitude. As a re- 
sult, the quality of the image is improved owing to reduction of the chromatic 
aberration of the objective lens. Chromatic aberration is also reduced through 
_ proper connection of the objective and projector lenses. These should be con- 

nected so that when the current through their coils changes, the image on the 
final screen is rotated in opposite senses, i.e., so that the rotation due to 
one lens is compensated by the rotation due to the other. 

It is convenient to use a BM-51-2 binocular microscope with an optical mag- 
nification of 9 X for observing the final image. The use of this microscope al- 
lows of observing the image with a total magnification of 200 000 X, which is 
convenient for focusing and checking the quality of the image. The modernization 
of the illuminating system and the introduction of the centering device described 
above insure an adequate brightness of the image even at this magnification. The 
binocular microscope is mounted over the viewing window by means of a special 
mounting bracket. 


Arrangements are now being made for commercial production of the various 
modernizing units described above. 
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HIGH VACUUM ELECTRON MICROSCOPE FOR STUDYING CATHODES 
- A.V.Druzhinin & B.N, Popov 


We developed an emission microscope operating at a vacuum of 2-5-1077 mm Hg 
for investigating thermionic cathodes.! Among its distinctive features are metal 
gasket seals, external photographing and a special device for measuring the curs 
rents in the image plane. Recently we modified the original microscope; speci- 
fically, we introduced a port for rapid interchange of cathodes, modernized the 
vacuum system, made provision for a titanium getter pump and built a device for 
investigating the microprocesses involved in chemical poisoning and ion bombard- 
ment of the cathode. 

In this report we shall briefly describe the modified microscope design 
and the experimental technique. 


Design of the Microscope 


A cross section diagram of the main instrument is shown in Fig.l. The elec- 
tron optical system and the investigated cathode 4 are located inside the vacuum- 
-tight housing which is made of steel pipe with numerous flanges and side branches 
joined to the main housing by atomic hydrogen or electric welding. All the metal 
to glass and similar joints are of the type commonly used in electrovacuum tech- 
nology. The seals for the demountable joints are provided by tongue-and-groove 
or wedge-type copper gaskets. The electron-optical system consists of an immer- 
sion lens 7-8 and a projector lens 9, which is a combination of two single elec- 
trostatic lenses. The lenses are designed for an operating voltage of 30 kv. 

The cathode is mounted on an interchangeable ceramic base 3. Test cathodes 
are installed through the port 6 which also serves as the window for pyrometric 
measurements. Six molybdenum lead-in wires 1, brought in through the glass stem 
2, serve for supplying the cathode heater, making connections to the thermocouple, 
etc. The large volume of the cathode region and the availability of a large num- 
ber of lead-ins allows of carrying out different experiments, for example, experi- 
ments involving vaporization of active materials and so on. 

The electron emission image is formed on the fluorescent screen 1l. It is 
reflected by the mirror 14 and is photographed from the outside through window 
10. Another angled window (not shown in the diagram) is provided for visual ob- 
servation. There is a small opening in the center of the screen, behind which 
is located a cylindrical electron collector 13 connected with an electrometric 
amplifier. The collector is surrounded by the shielding electrode 12, the en- 
trance to which is centered over the opening in the screen. A potential differ- 
ence of several hundred volts can be applied between the collector and the shield- 
ing electrode, on the one hand, and between the collector and the screen on the 
other. The necessity of this for correct current measurements will be shown be- 
low. Thus simultaneously with visual observation of the emission image one can 
measure the current from a small section of the cathode located in the center of 
the observed area. By displacing the cathode in the horizontal plane, one can 
vary the current distribution over its surface. Rough focusing of the image is 
realized by vertical displacement of the cathode; fine focusing, by regulating 
the potential of the focusing electrode 7, 

In investigating local emission it is desirable and important to measure 
the temperature of the cathode by means of a thermocouple, the total current 
from the cathode and a number of other parameters. In these measurements the 
recording instruments are at potentials close or equal to the cathode potential 
enc n ge cathode has a high potential relative to the housing, all the : 
equipment an 

quip ndicating instruments had to be carefully insulated. Accordingly, 


= 90375 


all the instruments were located in 
separated insulated units (2 & 3 in 
To see Fig.2). In view of the necessity 
Ne gonded of providing for easy reading of the 
instrument indications and the dials 
of the cathode feed mechanism, we 
were forced to give up the conven- 
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Pine git tional arrangement with the cathode 
N in the upper part of the housing and 
Iv employ the inverse arrangement shown 
i in the diagram of Fig.l. 
Uj The low voltage supply and the 
y) cathode activation circuit are mount- 


ed in the movable cabinet 1. The 
- vacuum system is assembled in cabin- 
et 6; its main components are an 
N-5 oil diffusion pump and a high 
capacity liquid nitrogen trap 5. 
&\ The trap assembly includes a high 


QI 


4 
ASS 


Zan vacuum sylphon valve which prevents 
10 j entry of air into the vacuum system 
j incident to replacement of the cath- 
Z ode. A 25 liter capacity forevacuum 
9 mg a tank allows of prolonged operation 
8 y == of the microscope with the forevacuum 
TY ve Z N 5 pump shut off. The forevacuum pump 
oa N AZ ie a SS 7 and the vacuum system controls are 
a aN 3 - a located in cabinet 7. 
6G oes 2 As noted above, the vacuum at- 
| 3 tained in the microscope column is 
& Sins 2-5°10-7 mm Hg. To obtain a still 
4-FF N ES better vacuum we plan to use a titani- 
3 GE = um getter pump of the type described 
2— Ox zy in Ref.2. This pump consists of a 
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titanium sleeve which is vaporized by 
a tungsten heater. Special bottom 
leads (16, Fig.1) are provided for 
carrying the necessary heavy current 
to the heater. To protect the high 
voltage insulator from contamination 
by titanium vapor, the pump is sur- 
rounded by a molybdenum shield. 

In view of the vibrations pres- 
ent in the commercial building where 
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the microscope is set up, we took 
i es to cushion the equip- 
SAN special measures quip 


, ment. The microscope bed 4 (Fig. 2) 

- is rigidly connected to the vacuum 
Fig.1. Cross section diagram of microscope. system 6 and mounted on two channel 

‘ beams which are suspended from four 

short springs (the shock mounting does not appear in the photograph). This float- 

ing suspension satisfactorily damps out all vibrations. 
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Fig.2. General view of microscope and associated equipment. 
Experimental Procedure 


The electron-optical system of the microscope projects an enlarged image 
of the electronic current distribution near the surface of the cathode. In the 
case of uneven and rough surfaces, interpretation of the electronic image is dif- 
ficult. For example, it has been shown3 that in the case of oxide coated cathodes 
the true active centers of the cathode cannot be distinguished from effects intro- 
duced by microlenses. In the case of smooth cathodes (for example, impregnated 
cathodes) one can bring the true surface of the cathode into coincidence with the 
object plane of the electron optical system and thus obtain a true image of the 
current distribution on the cathode surface. 

The resolution of the microscope is determined primarily by the irregularity 
of the surface, the size and intensity of the contact microfields and the chroma- 
tic aberration of the immersion objective lens. For some types of thermionic 
cathodes we obtained a resolution of the order of tenths of a micron. According 
to the data in the literature, one can obtain a resolution of up to 0.05 uw with 
specially prepared cathodes. 

By adjusting the magnification of the microscope so that the image of a re- 
solved element of the cathode surface will be approximately equal to the central 
opening in the screen one can obtain a resolution in current measurement equal to 
the electron-optical resolution. In measuring currents it must be borne in mind 
that the measuring instrument will record not the total current emitted by the 
given section of the cathode surface but only a certain fraction of it, which 
will depend on the angular aperture of the projection lens and will remain con- 
stant for a given magnification. The fact that not the total but only a fixed 
fraction of the current is measured is usually immaterial, for in most cases we 
are interested in the relative variation of the current as a function of differ- 
ent factors. 

We note that in measuring currents in an electron microscope one must take 
measures to prevent scattered and,particularly, slow electrons ejected from the 
screen phosphor from penetrating into the collector. The above described shield- 
ing cylinder centered over the opening in the screen appreciably reduces the 
spurious electron background. Retarding potential collector current curves ob- 
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tained on the instrument show that slow elec- 
Pe eee trons are virtually absent. To suppress 
secondary emission from the collector, its 
internal surface is coated with lanthanum 
boride. 

The described emission microscope tech- 
nique with measurement of the currents in 
the plane of the image allows of investigat- 
ing emission heterogeneities of thermionic 
cathodes with an appreciably higher resolu- 
tion than feasible by other means. Fig.3 
shows the recorded current distribution over 
the surface of a compacted barium-calcium 
tungstate cathode.“ The current distribu- 
tion always corresponds to the image on the 
fluorescent screen. 

Assuming the coefficient A in Richard- 
Fig.3. Current distribution of the son's formula to be constant, one can evalu- 


surface of a compacted cathode. ate the approximate work function spread for 
One scale division equals 2-10-10 different sections of the surface. For the 
amp. T = 1140°K. cathode characterized by Fig.3 the maximum 


to minimum difference is 0.2-0.4 ev. In an 
electrostatic microscope one can investigate the current-voltage characteristics 
from small sections of the cathode inasmuch as the refracting power of electro- 
static lenses with an accelerating potential up to 40 kv does not depend on the 
absolute value of the potential. By varying the accelerating potential without 
changing the electron-optical magnification, one can investigate the indicated 
dependences. This procedure allows of determining whether the emission current 
is a true saturation current or is limited by space charge. For individual spots 
from which there is a saturation emission current one can record Richardson 
curves. In such investigations one must bear in mind thermal shifts of the cath- 
ode, changes in focusing due to variation of space charge in the region near the 
cathode and possible uncontrolled variation in the concentration of the active 
material. 

In our instrument, simultaneously with measurement of the local currents, one 
can measure the total current from the cathode. Thus one can constantly monitor 
the thermionic activity of the cathode and simultaneously with the local charac- 
teristics investigate the variation of the currents averaged over the surface, 

In the case of prolonged activation of the cathode a thin molybdenum dia- 
phragm 5 (Fig.1) is inserted into the cathode-focusing electrode gap; this pro- 
tects the lenses from contamination with active material and serves as the anode 
in measuring the current. 

For the purpose of investigating the influence of different gases on the 
local thermionic emission of cathodes, the microscope housing has a valved nipple 
for connection to a suitable gas source. In principle, it is also feasible to re- 
duce appreciably ion bombardment of the cathode and thereby evaluate the influence 
of ion bombardment as compared with the effect of neutral gas atoms. To this end 
we used the method suggested by Elinson et al° for reducing ion bombardment of 
field emission cathodes. It involves setting up a potential barrier for post ce 
ly charged ions near the surface of the cathode. To produce such a virtual anode 
a positive potential (relative to the housing) is applied to the anode aperture 8 
(Fig.1) of the immersion lens. Thereby a ‘virtual anode is produced near the 

anode aperture. Ions forming in the cathode-anode aperture region will stilt 
bombard the cathode, but ions forming over the rest of the electron path will be 


“ 
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unable to overcome the potential barrier of the "virtual" anode and hence the ion 
bombardment will be reduced in proportion to the ratio of the two distances, i.e., 
in the given microscope by a factor of over 100. 
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NEW MODEL OF AN EMISSION MICROSCOPE FOR INVESTIGATION OF 
THERMIONIC AND SECONDARY EMITTERS (EEM-50) 


- A.M.Rozenfeld & P.V. Zaitsev 


A serious shortcoming of metallic high-resolution emission microscopes is 
that the vacuum attained in them (2-5-10-5 mm Hg) is at least one order of mag- 
nitude lower than the vacuum normally obtaining in most vacuum tubes. The dif- 
ficulties of attaining a higher vacuum are due first to the fact that modern 
emission microscopes characterized by high resolution and electron-optical mag- 
nification must have a number of regulating and adjustment mechanism controlled 
from the outside through lubricated rubber seals. The use of metallic packings 
instead of rubber gaskets complicates the construction and substantially reduces 
the reliability and precision of operation of the various mechanisms. 

The second principal impediment to attainment of a sufficiently high vacuum 
in emission microscopes is the presence of photographic plates or film inside 
the instrument. Recourse to external rather than internal photographing makes 
it impossible to realize the high resolving power of which the optics of modern 
emission microscopes are inherently capable. Thus measures taken to enhance the 


vacuum in the full volume of the microscope inevitably lead to deterioration of 


the electron-optical and operational characteristics of the instrument. Yet it 
is obvious that in principle there is no necessity for maintaining the high vacu- 
um characteristic of vacuum tubes in the entire volume of the instrument. It is 
sufficient to maintain the high vacuum only in the region surrounding the emitter, 
i.e., in the object chamber of the microscope. In the remaining volume the vacu- 
um need not be higher than ordinarily obtaining in conventional transmission type 
microscopes (2-5-1074 mm Hg). 

It was concluded therefore that the problem of investigating electronic emit- 


ters under vacuum conditions approximating those in vacuum tubes could be solved 


by designing an electron microscope with an object chamber isolated from the rest 
of the instrument column. A microscope of this type was developed and built in 


our laboratory. Below we give a description of some of its principal components. 


A cross section diagram of the new model emission microscope is shown in 


Fig.1; a photograph of the instrument in Fig.2. This new model differs from the 


earlier microscope, designated f£EM-75 and described in Ref.1, mainly as regards 


the design of the immersion objective lens (first magnification stage) and the 
vacuum system. Both these units have been radically modified. 


The main components of the immersion objective are the cathode section l, 


the object chamber 2 and the objective tube 3. 


The cathode section consists of the housing 4, sylphon bellows 5, high 


; voltage insulator 6, which serves as a mount for the cathode holder 7 and the 


cathode 8, and the cathode feed mechanism 9, which serves to displace the cath- 
ode assembly in the plane perpendicular to the instrument axis. 

The object chamber is a cylindrical casing 10 which, in addition to the 
cathode section components, houses the focusing electrode 11 mounted on insulator 
12, the cathode 13 screw mounted on the holder 14 of the aperture diaphragm 15, 
and some components of the mechanism 16 that serves for displacement of the focus- 
ing electrode in the horizontal plane (adjustment of the objective lens). The ob- 
ject chamber has a port, closed by a cover 17, giving access to the immersion ob- 
jective lens electrodes and a flanged sleeve 18 for connecting to the vacuum sys-~- 
tem line. The cover 17 has a window 19 for viewing the investigated emitter. 

All the components located inside the object chamber are designed to meet 
the requirements of "vacuum prophylaxis" and only nonlubricated packings (metal- 
lic and fluoroplastic gaskets) are used for sealing the joints adjacent to the 
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object chamber. The vacu- 
um in the object chamber 
is measured by an ioniza- 
tion pressure gage, the 
sensing element 20 of 
which is located in the 
immediate proximity of 

the emitter. 

The objective tube 
consists of a cylindrical 
housing 21 inside which 
‘¢ are located the mechanism 
ee Oa ee i 22 serving for displacement 

ie cA 


aaa oa! * 
aoe Ne === sink ea of the aperture diaphragm 
UE = afk N 15 both vertically and 


horizontally (aperture ad- 
justment) and the mechan- 
ism 23 which serves for 
moving the objective elec- 
trodes along the microscope 
axis (mechanical focusing 
of the image). The object- 
ive tube has a port, decked 
by cover 24 and giving ac- 
cess to the aperture dia- 
phragm 15 and its holder 14 
The inside of the ob- 
ject chamber is virtually 
isolated from the rest of 
the microscope column. 
The two volumes are con- 
nected only by a single 
opening in diaphragm 15 
which serves for passage 
29 of the electron beam. If 
this aperture is suffici- 
ently small, the diaphragm 
actually enhances the re- 
(1A solving power of the ob- 


sh 


SSSSSSSSSSAS 


Z 
4 


IDILILEDILIIIIITN TOTITIO LITA ST TTT 


SS 


——— jective lens. 
The vacuum system of 
the EEM-50 is designed for 
Fig.l. Longitudinal section through the EEM-50 separate, independent evacu 
emission microscope. ation of the object chamber 


and the remainder of the 
internal volume of the instrument. The object chamber itself is evacuated through 


the liquid nitrogen trap 25 by the high-capacity diffusion pump 26 (N-5 type), 
while the microscope column is evacuated by pump 27 (MM-40A). The outlets of both 
pumps are connected to the common forevacuum tank 28 in which the vacuum is main- 
tained by a single VN-461M forevacuum pump (29). With a 0.1 mm diameter aperture 
in diaphragm 15, the system provides a vacuum of 1°107© mm Hg in the object cham- 


ber after approximately 8 hours of pumping; the vacuum in the remainder of the 
instrument being of the order of 1074 mm He. 


Fig.2. The EEM-50 emission 
microscope. 
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There is one other noteworthy difference 
between the present model and the earlier KEM-75, 
namely, the accelerating potential of the present 
model is 50 kv (instead of 75 kv). The potential 
was reduced to this level because a series of 
special tests? showed that in electron microscopes 
it is not expedient to use accelerating potentials 
exceeding 50 kv, inasmuch as higher potentials 
impair the reliability and characteristics of the 
instrument without contributing significantly to 
improvement of the electron-optical parameters. 

The other features, parameters and character- 
istics (resolution, magnification, design of the 
projector lens, camera, power supply, etc.) of 
the EEM-50 are similar to those of the earlier 
EEM-75. 
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NEW UNIVERSAL 100 kv ELECTRON DIFFRACTION CAMERA WITH AN ARMORED LEAD-IN 
-~ Model EG-100A 


The universal Model EG-100A electron diffraction instrument is intended for 


electron diffraction studies of solid and gaseous materials. x 
The resolution of a diffraction instrument is given by the formula 


=a ? 


Ad dR Cady x1 (1) 
( a R oe 


d *h,k,l 


where R is the radius of the diffraction ring, dn.x,i is the lattice constant of 

the specimen, corresponding to the given R, xX is the De Broglie wavelength, @ is 
the radius of the diffraction spot on the screen, L is the distance from the spe- 
cimen to the screen and C is a constant, the value of which depends on the values 


of a and dR. 


Fig.l. Microphotogram of some multiplets in the diffraction pattern for MgO. 


In the case of our instrument with no specimen and with the double condenser 
operating a = 0.04 mm and X = 0.041 A (with an accelerating potential of 80 kv) 
Consequently, the theoretical resolving power of the instrument is 1/1000 for Lia 
= 700 mm and dps = 0.5 A and 4/10 000 for L = 150 mm and d,x, = 0.2 A. y 


To illustrate the resolution of complex line structure in Fig.l we reproduce 


a microphotogram of some of the multiplets in the diffractio 
corded with the EG-100A camera. o Pakrern ota 


Description of the instrument 


A photograph of the instrument is re i i 
produced in Fig.2; a diagram of its il- 
luminating system is shown in Fig.3. The illuminating vatan consists of an elec- 
tron gun and two focusing magnetic lenses with pole pieces. The electron gun has 
an armored lead-in consisting of a porcelain insulator of special design and an 


*For the first diffraction ring. 
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£ig.2. EG-100A electron diffrac- 
tion camera. 


Fig.3. Illuminating system. 


armored three-conductor cable rated for 100 kv. 

The first focusing lens is of the iron- 
clad type. The top shoe of the lens serves as 
the mount for the gun anode. The pole pieces 
are inserted into the lens from above. The 

Fig.4. Crystal holder. second focusing lens is of the same design, 
but has different dimensions and, consequently, 

different electric parameters. It is mounted on the top part of the specimen cham- 
ber. The pole piece of this lens is introduced and installed through the windows 
of the specimen chamber. For adjustment and alignment purposes the gun and first 
lens can be moved in the horizontal plane and tilted relative to the second lens 
and specimen located in the first (upper) object chamber. The upper part of the 
illuminating system is coupled to the second lens by a sylphon bellows. 

The first (small) specimen chamber is a steel cylinder 200 mm high. This is 
mounted on top of the second specimen chamber. The first chamber has four later- 
al sleeve-type ports at right angles to each other and the column axis. The oa 
of intersection of the port axes marks the location of the center of the specimen 
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The port facing the operator serves as a viewing window. 


in the small chamber. A 
AT Ue rt on the left contains 


The port on the right receives the crystal holder; the po 
a plug for connecting the leads to the various heaters a 
left port also provides access for changing specimens. Finally, the fourth, back 
port, contains a plug for the leads to the miniature illuminating lamp, specimen 
heater and vaporizer. 

The second (large) specimen chamber is a hollow steel cylinder 400 mm in 
height. This chamber has three sleeve-type ports (there is no back port). All 
the ports of the two chambers are identical, so that the various inserts (crystal 
holder, connector plugs, etc.) can be interchanged at will. 

The object to screen distance with the specimen in the small upper chamber 
is 700 mm; with the specimen in the large chamber, the distance is 350 mn. 

The specimen holder mechanism provides for motion of the specimen in the 
horizontal plane, tilting it relative to the electron beam and rotation about 
the vertical axis of the instrument. The entire holder with the specimen can be 
rotated 90° in either direction, thus providing for both transmitted and reflect- 
ed beam studies. A photograph of the specimen holder with its miniature electron 
gun for dissipating surface charges is reproduced in Fig.4. 

The second specimen chamber is mounted on the projection tube (this is also 
the third specimen chamber) and attached to it by means of flanges and screws. 

The projection tube has four ports: one for a viewing window, one for connecting 
to the vacuum system and two side ports which can be used for inserting the speci- 
men holder or as viewing windows. 

The photographic camera of the EG-100A instrument consists of two principal 
assemblies: the camera body and shutter and a magazine for six cassettes. The 
camera shutter is actuated by a system of spiral springs and levers. The maga- 
zine is a box divided into two sections, one for unexposed plates, the other for 
exposed plates. Insertion of the magazine involves admitting air into the column. 
The unexposed plates are stored not under the screen but to the side (to protect 
them against x-ray fogging). The shutter is designed to insure uniform exposures 
over the full length of the plate. 

The vacuum system of the £G-100A instrument is comprised of an N-5 S (H-5C) 
oil diffusion pump, an oil trap, a main valve with control mechanism, a valve 
box in the forevacuum line, a mechanical VN-2 (BH-2) forepump and appropriate 
fittings and piping. The vacuum system is controlled by buttons located on the 
control panel. The highest vacuum attained in the instrument after 5 min opera- 
tion of the pumps is 4¢1075 mm He.* Upon filling of the trap with liquid nitro- 
gen the pressure in the system drops to 4-7-1076 mm Hg (i.e., by one order of 


nd the thermocouple. The» 


magnitude); in the vicinity of the electron gun the pressure remains of the order 


of 1074 mm Hg. After admission of air into the column, the time to evacuation to 
4°1074 mm Hg is 1-1.5 min. 

The specimen holder electron gun (pulverizer) intended for removing stray 
charges from the specimens consists of an oxide coated cathode, a control elec- 
trode and an anode. 


To provide for evaporation of substances inside the instrument chamber there 


are a number of nests in the flange cover of the specimen chamber with suitable 
clamps and heaters; these nests are surrounded by a cylindrical shield to prevent 
deposition of the evaporated substance on the sides and upper part of the cham- 
ber. The flashing filament and sample holding clamps are arranged so that the 


evaporated substance will be deposited uniformly on all th ? 2 
men holder, My e films in the speci- 


*All pressure measurements made by means of a VK-1 pressure gage, 
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Fig.5. Rotating sector unit. 


A special heater utilizing electron bombardment was developed for the EG-100A 
instrument. This heater consists of a porcelain cylinder with a tungsten cathode 
in the form of a spiral, on one hand, and an anode in the form of a stainless 
steel disk to which the heated object is attached, on the other. The temperature 
of the heated sample is measured by an iron-constantan thermocouple. 

The power supply of the diffraction camera includes a power source for the 
cathode heater, a high voltage supply, a supply unit for the electromagnetic lens- 
es, a power unit for supplying the various minor devices located inside the speci- 
men chamber (the decontaminating electron gun, the specimen heater, etc.) and a 
number of auxiliary units for supplying the vacuum pump motor, the diffusion pump 
heater, the vacuum gage and so on. High-frequency current (about 100 kc) is used 
for the cathode heater, for this allows of employing an iron-free transformer and 
insures a more stable electron beam. 

4 The high voltage supply provides step voltages of 40, 60, 80 or 100 kv. The 
mean voltage instability over a period of 15 sec does not exceed 0.03-0.06% with 
a fluctuation of 1-2% in the line voltage. Moreover, to smooth out the external 
current-voltage characteristic of the high voltage rectifier there is a voltage 

regulator with negative feedback which serves to keep the voltage rigorously con- 
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stant with changes in the load current. The high voltage regulator employs a 


de and a magnetic amplifier. Pe 
The lenses are supplied with rectified regulated voltage, the rectifier for 


each lens being assembled about TVS selenium rectifier stacks. The electron gun 
for removing charges from the specimen is supplied from a rectifier: voltage - 
about 1000 v; current — up to 1 ma. The gun cathode is powered from a rectifier 
rated at 12 watts. The specimen heater is supplied from a rectifier and draws 
about 200 watts. The inside of the specimen chamber is illuminated by a mini- 
ature bulb. 

In electron diffraction investigation of the structure of molecules an aperi- 
odic background due to atomic scattering is superimposed on the molecular scat- 
tering background and masks it (particularly in the central region where the atom- 
ic scattering background is strong). Debye suggested introducing a rotating sec- 
tor of some shape into the diffraction instrument to compensate the electron back- 
ground due to atomic scattering. Sectors of different design have been success- 
fully used in a number of electron diffraction cameras.2 The sector device em- 
ployed in the EG-100A instrument is shown in Fig.5. The sector mechanism is in- 
stalled directly over the screen or photographic plate. The sector is rotated 
by an external motor through a rubber packed vacuum seal. The sector mechanism 
has provision for withdrawing the sector proper from the path of the diffracted 
beam when desired. 


4 b 


Fig.6. Electron diffraction patterns from a specially prepared platinum film: a) 
without rotating sector, b) with sector. 


Electron diffraction patterns from a platinum film recorded with and without 
the sector are reproduced in Fig.6. 
When it is desired to investigate gas molecules a stream of gas is injected 
into the instrument column through a metering nozzle inserted through one of the 
ports of the third chamber. Despite the fact that this naturally increases the 
pressure in the instrument column, the operation of the instrument is not impair- 
ed owing to the high capacity of the vacuum system. The diameter of the nozzle 
pce fa mm) is chosen so that there will be a sufficient gas flow to obtain | 
norma iffraction patterns without disturbing the o erati i | 
eee g peration of the instrument 
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Fig.7. Injector nozzle for investigating volatile substances. 
fig.8. Electron diffraction pattern for CCl4 vapor recorded with an r® sector. 


Fig.7 shows a diagram of a nozzle attachment developed for investigating 
volatile substances. The unit is mounted in one of the ports of the specimen 
chamber. The conducting tube terminates at the electron beam in an orifice with 
a metering needle valve controlled by a knob on the outside. The tube is welded 
to a disk attached to a bellows on the mounting flange. The tube tip is posi- 
tioned by adjusting three screws passing through the disk and bearing against 
the mounting flange. Near the inlet the tube is surrounded by a small heater 
of nichrome wire by means of which the tube and flowing gas can be heated up to 
B50°. 

An electron diffraction pattern for CCl4 vapor recorded with a sector hav- 
ing a radius varying according to the r3 law is reproduced in Fig.8. 
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CHARACTERISTICS OF X-RAY SHADOW MICROSCOPE IMAGES 
- G.O.Bagdyk'yants & A.V.Shishatskii 


A number of different procedures have been proposed for obtaining microradio- 
eraphs.1 In practice, so far there have been realized X-ray microscopes utiliz- 
ing shadow projection from a "point" source. In the present article we shall con- 
sider some of the specific characteristics of microradiographs obtained by means 
of the experimental model GOI (State Optical Institute) x-ray shadow microscope. 2 


Magnification 


The decisive factor in determining the minimum necessary primary magnification 
is the grain size of the photographic material. The grain size in common photo- 
graphic emulsions is about 20 yn. Assuming the resolving power of the unaided hu- 
Man eye to be 200 yp, we find that for a resolution of 0.5 uy, the primary magnifi- 

“cation must be 40 X presuming a tenfold subsequent enlargement of the negative. 
Naturally, the upper bound of magnification is not limited in principle. There 
is no point, however, in attempting to obtain excessively great x-ray magnifica- 
tions inasmuch as this leads to reduction in the density of the x-radiation in 
the plane of the film and, consequently, to an increase in the exposure time. 

The quality (resolution and contrast) of x-ray microscopic images depends to 

a great extent on the characteristics of the photographic film (graininess, con- 
trast, and sensitivity to x-rays) and its development. Duplitized (two-emulsion) 
films cannot be used for x-ray shadow microscopy since in view of the large angle 
of divergence of the x-rays the difference in scale between the images on the two 

“Sides of the film becomes evident, i.e., the radiograph is blurred. 

In our work we used fine grain 35 mm aerial film with a speed rating of 1200 

GOST units; this allows of obtaining good quality radiographs with a short expos- 

‘ure time (30-45 sec for biological specimens with an x-ray magnification of 70 X). 


Contrast and intensity of the x-ray image 

Since x-rays have a high penetrating power, it is important to establish in 
every case whether the x-ray image will have sufficient contrast to utilize fully 
the high resolution of the instrument for differentiating fine details. If we 
“assume the minimum difference in blackening of the film for which one can distin- 
-guish individual details to be 1%, we find that details of carbon specimens will 
| be discernible only if they have a thickness of not less than 30 yp; the correspond- 
ing minimum thicknesses for copper and gold are 0.2 yp and 250 A (values for X = 
m= 1.54 A cu radiation) .° 
5 To increase the contrast one must use radiation of longer wavelengths. In our 
4 ase, when "white radiation” is used for obtaining the x-ray image, this involves 
“reducing the accelerating voltage (for biological specimens) to 7-10 kv. Where 
higher accelerating potentials are used, fine details of biological specimens can 
'be distinguished only if they contain heavy elements. In addition, the image con- 
trast can be enhanced by proper choice of the target material. Use of low accel- 
erating potentials leads to decrease in the intensity of the electron beam, reduc- 
tion of the x-ray production efficiency and increased absorption of the x-radia- 
ion in the target material and air, i.e., in the final analysis to undesirable 
increase of the exposure time. One possible way of increasing the x-radiation in- 
tensity is increasing the density of the electron current at the cathode by step- 


ping up the cathode emission. 
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Current density and heat balance at the target 
Current oe ee 


Heat transfer conditions in the target (anticathode) may limit the current 
density in the electron probe at a certain level. The target is cooled from th 
unbombarded side. If the radius of the electron probe is large compared with ft] 
target thickness but is less than the radius of the target, the heat flow is di- 
rected almost entirely normal to the surface (axial flow from the front to the 
back surface of the target); if the radius of the probe is commensurate with the 
target thickness, radial heat flow in the target becomes appreciable and may wi 
further increase in the probe diameter play a more important role than the axia- 
flow. 4 

According to our calculations, the current density on the target in the GOI 
instrument is 150 amp/cm2. For a 0.1 yp diameter electron probe and a 0.1 yu thi 
gold target the limiting current density is 5500 amp/cm2. Obviously, in the pr 
ent instrument increase in the current probe density is not limited by heat bal- 
ance considerations. 


Choice of target material 


The factors determining the choice of target mate: 
al are a) x-ray production efficiency, b) the thermal 
properties of the metal and c) the wavelength of the 
radiation intensity peak. The first requirement calls 
for a metal with a high atomic number; the second for : 
metal with good heat conductivity and a high melting 
point. Both requirements are satisfactorily met by 
gold, silver, copper and tungsten. The thickness of Tt. 
target is determined from considerations of minimum abi 
TS EN ew sorption of x-rays in the material (the target thickne: 
Spe FOL 15 pt 15 pp NOt NE2 must not exceed the depth of penetration of electrons 

of the given energy in the given material). The mecha; 
Fig.l. Transmission of ical strength of the metal must be such that the targe: 


x-rays by different film will withstand atmospheric pressure. The target 
films at an accelerat- the GOI instrument is a ~0.15 »p thick gold foil. 

ing potential of 10 kv To reduce deformation of the foil by minimizing ti 
(target - 3-5 yw thick free area of the foil separating the vacuum from the as 
copper): 1) fluoroplas- mosphere and improving the cooling conditions, the gol 
tic, 2) polyethylene, foil was mounted on a diaphragm with a 0.2 mm diameten 
3) cellophane. aperture. Gold foil has pores about 1 uw in diameter. 


Hence to improve the vacuum tightness the target was 
backed with an organic film. To choose the best film material we carried out 
series of penetration tests. The transmission of x-rays by different films is 


shown in Fig.l. The most suitable material proved to be 15 wu thick polyethyle 
film. 


Fields of application of x-ray shadow microscopy 


X-ray shadow microscopy has been finding increasingly wide application in r 
cent years. Cosslett & Nixon® demonstrated that an x-ray Shadow microscope ca 
be used for investigating biological specimens. Mosley & Scott® used a shadow 
microscope for obtaining stereoscopic radiographs of biological sections 5-10 | 
CHiCKs. =A publication’ sponsored by the General Electric Company (USA) notes t 
electron microscopes can be useful in the investigation of the internal structi 
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Fig.2. Microradiographs recorded on the GOI x-ray microscope: a) mixture of pow- 
dered Alj03 (light grains) and TiO, (dark grains); magnification 150 X, acceler- 
ating potential 9.2 kv, target - gold, exposure - 40 sec; b) beryllium bronze, 
specimen thickness - 0.05 mm, accelerating potential 9.2 kv, magnification 200 x, 
exposure time 6 min; large copper crystals surrounded by beryllium layers. 


of alloys, metal welds, paints, morbid alterations of bone and tooth tissue, in- 
jury to artery walls, etc. Jamaguchi~ used an x-ray shadow microscope for analyz- 
ing mixtures of powders of light and heavy metals. 

Two photographs obtained with the experimental model GOI shadow microscope 

are reproduced in Fig.2. The principal parameters of the instrument are the fol- 
lowing: electron probe diameter - 300 A, thickness of interchangeable target - 
0.15 uw, resolution - 0.5 wu, probe current density - 150 amp/cm?, accelerating po- 
tential - 10-20 kv, primary magnification - 50 to 500 X, image diameter - 20 mm, 
field of view diameter - 0.4 to 0.04 mm, exposure time for biological specimens 

= 30-45 sec. 
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ABSORPTION COEFFICIENT OF SOFT X-RAYS IN BERYLLIUM 
-~ D.M. Zhukovskaya & Yu.K. Ioffe 


Beryllium is now widely used for the windows of soft (<60 kv) x-ray tubes 
for therapy, radiography, diffraction studies and spectrum analysis, as well as 
for the entrance windows of soft x-ray detectors (counters, ionization chambers 
and the like). 

To allow for the attenuation of the x-rays in the beryllium windows of suc 
tubes and counters one must know the mass absorption coefficient i/o of the ma- 
terial. The absorption coefficients for beryllium published by different autho 
however, differ appreciably. The values of the absorption coefficient of beryl 
lium for soft x-rays (from 2.3 to 0.7 A) according to the data of different au- 
thors are listed in Table 1; in the last column of the table we give the values 
of u/p obtained in the present work. 

Table 1 
Values of u/p for beryllium: 2.3 to 0.7 A x-rays | 


Radiation] A”, (A) | [i—3] | [4] | [5] | [6] 


Ka Cr 2,285 3,8 — 4,6 4,53 | 4,6 3,9 

Ka Fe Toon 3,05 oa 3,24 3,06 | 3,02 2,00 

Ke Cu 1,54 1,60 3,9 1,35 1,6 1,5 0,93 

Ke Mo 0,707 0,315 0,485 | 0,37 0,33 | 0,33 0,32 
Figures in [] are Reference numbers. 


In Table 2 we list data on the transmission of soft x-rays through berylli 
sheets of different thickness, calculated by the formula 


ex 


Flees 


It will be seen that the difference between transmission values cited by 
different authors attains 30% for a sheet thickness of 0.9 mm. Most investiga- 


Table 2 — tors regard as most rel: 
Values of Als for beryllium sheets able the data of Allen — 
of different thickness (%) published in the early 
1930's (Refs.1-3) and 
Radiation = fee i i 
adi x, MM [1—3] [4] {5] [6] [7] pias explain the divergence 
by the presence of heav: 
0,3 a ie 17,5 77,5| 77,5| 84,5 element impurities in t: 
KaCr 0,5 — -- 65,0 65 65 72 samples. Thus, for ex-: 
ue = % _ Hs 2 “ ample, it is reported 
Sar 0,3 83,5 = 83,5 84 83,5] 89 that 0: 20d ro) ae 
«Fe Os 7h =a 74 75 7h ) in beryllium increases 
oe one — ae 63 62 73,5 the absorption coeffici 
; = 60 98,5] 72 for Cu Ka (1.54 A) x-rai 
Rx Cul 0,3 93 80,5 93 91,5 92 94.5 b f 
05 | 88 69.5 | 88 $6 hse saiteur: vaaltactorots aa 
0.8 82 55,5 82 78,5 | 80 87,5 time ago we measured {1/) 
0,9 80 ol 50 80 16,0 IE a Son of beryllium for the . 
Ka Mo bie eg ee ein eee Be = characteristic radiati 
’ ) A ¥/ c : 
0/8 95 ho heros 0” Ap OSES lees lege 95 Cr Ka (2.285 A), Fe Kq 
0:9 95 92:0 | 95 94° | 94,5| 945 (1.937 &, cu ko (1.54) 


and Mo Ka (0.10 A). 7@ 
measurements were made 
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' commercial domestic vacuum grade beryllium formed 
Fe ee Oh ee ; into 10 mm diameter disks having thicknesses of 
0.3, 0.5, 0.8 and 0.9 mm. At least two disks of 
each thickness were measured. The specific gravity 
QD ! (mean value), as measured by means of a torsion 
| 
| 
! 
1 
! 
| 
! 


3 
Be.\X balance, was 1.85 + 0.022 g/cm3, which is in agree- 
DANI 49 Ratt ment with the data in the literature®. 
a TINK? The main series of absorption measurements 


was carried out on a single crystal spectrometer 
ee Bee Ee Bee a ee =) by means of a Geiger counter and a scintillation 
counter. Control measurements on a twin crystal 
fig.l. Experimental arrange- spectrometer substantiated the single crystal 
nent: 1) measuring equipment, spectrometer results. In addition, to check the 
2) Geiger counter, 3) hori- reliability and accuracy of the procedure, we car- 
zontal slits, 4) vertical ried out control measurements of the attenuation 
slits, 5) single crystal, 6) of x-rays of different wavelengths in aluminum, 
x-ray tube, 7) scintillation the absorption coefficients for which reported by 
counter, 8) “Tyul'pan" count- different experimentors are in good agreement. 
ing rate meter. The measurements were carried out on an x-ray 
diffraction set-up with a URS-S5OI ionization type 
detector. A crystal monochromator was mounted in front of the second window of 
the x-ray tube and the monochromatic radiation from it was viewed by a scintilla- 
tion counter. The experimental arrangement is shown schematically in Fig.l. 

In the measurements of Io and I by the Geiger counter appropriate correc- 
tions were made for the counting loss. The measurements with the scintillation 
counter were made only for Cr Kq and Fe Kq. The mass absorption coefficient was 
Calculated by the formula 


at InJ/Jo 
p/p= rr 
ri Table 3 
y Values of I/I, for beryllium obtained in different measurements 
4 
! i] 
os Radia— vee Ave— 
tion (77 oa [einen rage 
: 358i. 5) 82 82 0,3 | 94,5 = 94,5 
‘ 0'5 | 72 69 71 ah OR el ne 91 
y KxCr | 9’ | 60 5 59 ea bc.8 | 8735 es 87,5 
, 0.96) 55,54 55,5 55,5 0.9 | 85,5 - 85,5 
= 98 
0,3 | 89 94 90 0,3 | 98 
0.5 | 82 82 82 essen oe oe 97 
KaFe | 9’3 | 73,5| 73 73,5 a 0,8 | 95 a 95 
0,9 | 72 74 74,5 0:9 | 94,5 = 94,5 


if The x-ray tubes with chromium and iron mirror anodes were operated at 8 kv 
and 2 ma; the tube with the copper anode at 12 kv and 2 ma and the tube with the 
Beiybdenum anode at 25 kv and 2 ma. Consequently, the voltage on the x-ray tube 
lid not exceed the excitation potential of the desired characteristic radiation 
y more than 20-25%. Under the circumstances the background of scattered x-rays 
in the region of the reflected KQ line was less than 1%. The results of our 
measurements are given in Tables 3 & 4 and Fig.2. 

Control measurements of L/p for aluminum with Cr, Fe and Cu KQ@ radiations 
were carried out with 20 » thick aluminum foil. In the measurements with Mo KQ 


Table 4 


Values of w/o for beryllium cal- 
culated from the data of Table 3 


=O 40us 


radiation, the Al foil thicknesses were 40 
and 80 up. In addition, to check agreement 
of the u/o values for aluminum foil of dif-- 
ferent thicknesses, we carried out measure- 
ments with foils 10, 20, 30, 40 and 50 uw 
thick; these measurements were made with 

Fe Kd radiation with detection by means of 


Counter b 
Paces pea tee Vve— 

: Scinti rage 
{eal Oval Geiger Tation 
Ko, Cr 3 5 0s2 jo,0% O72 Sse @ 
ie O || A se Ope Dec \) 24 2= 0 
ein |) Opes Os! 0,93 0 
Ka Mo| 0,32= 0,03 0,32 0 


Ele | 
es 


) 
Qs 21 aA 


Fig.2. Variation of I/Ig and 
L/p of Be with wavelength. 


Table 5 
Values of L/e for aluminum 
Radia— Our 
ae [9] | (4) |) (2) | (40) | 5] data 
Ka Cr |144] — |150 | — | 149} 148 
Ka Fe | 97} — |94,0}96,6)92,8] 97 
Kz Cu } 50|48,5)48,5]48,5|48,5| 48 
ReMoilte= (tt IS S515 Seon 

Table 6 


Radia- 


x=0,72 mm |x=0,83 MM crete 


+ion Machlett 
Kali 3,3 6,5 
KaFe} 2,1 1,95 4,05 
KaCu| 1,05 0,97 2,6 


2 
2 
{ ers. 
0 


both the Geiger and the scintillation count- 

The scatter of U/p values for the in- 

3 dicated Al foil thicknesses did not exceed 
+5% for each type of counter; the difference 
between the mean values of u/p obtained with 

the two types of counters was less than 2%. 

In Table 5 we list the values of u/p for alu- 
minum given in the literature together with our 
data. It will be seen that the agreement is satis- 
factory. This shows that our measurement procedure 
was reliable and accurate. 

Two years after the main series of measure- 
ments, we carried out an additional series of mea- 
surements of Lp of beryllium for Cr, Fe and Cu KQ@ 
radiations; in this series of tests we used two 
samples of domestic vacuum grade beryllium 0.72 
and 0.83 mm thick and one sample of foreign origin. 
namely, a 0.8 mm thick beryllium window from a 
Machlett (USA) x-ray tube intended for diffrac- 
tion analysis. The surface of the window was 
thoroughly cleaned prior to measurement. The 
results of this series of experiments are shown 
in Table 6. 

As will be evident from the table, the value 
of the mass absorption coefficient of domestic 
beryllium was lower by a factor of 2-2.5 as com-: 
pared with the foreign material. 


Conclusions 


1. The values of the mass absorption coef- 
ficient of beryllium for soft x-rays (2.3-1.5 A) 
obtained in the present work differ from those 
published earlier by a factor of about 1.5. 

2. The accuracy of our results is substanti- 
ated by the good agreement of measurements car- 
ried out on single crystal and twin crystal spec: 
trometers and with recording by means of Geiger 


and scintillation counters, by the agreement of the values of u/o for aluminum 
obtained with our equipment with the values in the literature and by the data of) 
comparative measurements of the absorption of domestic and foreign beryllium 


3. Published data on u/ 


presumably most published data are overestimates due to 


the beryllium specimens. 


This inference is supported by the fact th 
at there i 
generally good agreement among the different authors and as re / 


of beryllium for soft x-rays diverge appreciably; 
impurities present in 


gards the present 


work where the values of L/p for the hardest of the investigated radiations 


(Mo KQ) is concerned. 
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4. The 0.7-0.8 mm thick beryllium windows of domestic commercial x-ray tubes 
,are equivalent as regards absorption of 5-10 kev x-rays to the 0.4-0.5 mm thick 
beryllium windows in foreign x-ray tubes. 


5. The domestic commercial vacuum grade beryllium has an appreciably higher 
degree of purity than beryllium produced abroad. 


We desire to thank M.M, Umanski, E.M.Fridman and G.M.Nikolaenko for assist- 
ance in the work and valuable advice. 


State Plant Administration of the Radio Engineering Industry 
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X-RAY SHADOW MICROSCOPY 
- B.M.Rovinskii, V.G.Lyuttsau & A, I. Avdeenko 


All significant developments in x-ray microscopy have taken place within 
the last two-three decades. Earlier progress was impeded by the fact that the 
index of refraction of all known materials for x-rays is close to unity. Be- 
cause of this it was impossible to prepare suitable short-focus lenses on the 
principle of an optical microscope; attempts to realize an x-ray microscope with 
zonal plates serving as the lenses were also unsuccessful. 

Other methods of obtaining magnified x-ray images proved to be more success- 
ful and promising. One of these is embodied in reflecting microscopes which uti- 
lize either total reflection and focusing of the x-rays by mirror surfaces of 
special shape or reflection from appropriately chosen crystallographic surfaces 
and focusing by curved crystals. Another method consists of obtaining an enlarge 
shadow image of the specimen. In the present report we give some results obtain- 
ed by the second method. 


Methods of Obtaining X-Ray Shadow Images 


There are four principal ways in which a shadow x-ray image can be obtained; 
these are shown schematically in Fig.1. In the contact method -3 (Fig.1,a) the 
image is obtained by passing the x-rays through the specimen held in close con- 
tace with a photographic plate. The natural size image is then enlarged photo- 
graphically or viewed through an optical microscope. This procedure is simple 


y. 


Z 
Y 
g 
j 
g 
4 


4 
Fig.1. Methods of obtaining x-ray shadow images; 
b) Cosslett & Nixon* shadow microscope, c) needle 
camera obscura method’. 1 - defining aperture, 2 - specimen, 3 - anode (tar et) 
4 - photographic film or plate, 5 - electromagnetic lenses F ~ cathode, 7 ue | 
electrostatic lens, 8 - "pinhole" digohece 


a) contact microradiography, 
type microprojector§,7, q) 


but in order to obtain good images one must use sharp focus 


5 x-ray tub i 
properly selected and well filtered or very soft radiation; it nee eee 


*V.A.Korchagin made an attempt to prepare zonal plates 


Moscow State University over twenty years ago. fOr, 2 Rayeeet 


“4 
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long exposures on extremely fine-grain plates and careful fine-grain development. 3 
The resolution obtainable even with the best fine-grain plates apparently does 
not exceed 1 uw. The resolving power of contact microradiography is limited, on 
the one hand, by the quality of the photographic emulsion and the closeness of 
the contact between the specimen and the plate (imperfect contact gives rise to 
diffraction effects); on the other hand, the limiting resolution of the contact 
procedure is determined by the resolving power of the optical microscope (~0.25 UL) 
or the enlarging equipment. 

A more successful but more compolicated method of obtaining a magnified 
shadow image is that involving the use of a point source of x-rays. Two types 
of devices for obtaining a magnified shadow image are diagramed in Figs.1,b & c. 
In the shadow microscope (Fig.1,b) built by Cosslett & Nixon the electrons emit- 
ted from an incandescent filament (the cathode) are focused by two electromagnet~ 
ic lenses on the target (the anode).4:° The very narrow electron beam excites 
soft x-rays in the very thin semitransparent target (tungsten, gold, silver or 
copper foil). The specimen is placed in the path of the x-rays (in air or ina 
vacuum chamber) and casts an enlarged shadow image on the photographic plate lo- 
cated at some distance from the specimen. A shortcoming of this method is that 
in addition to x-rays, electrons strike the photographic plate and fog the image. 

To reduce the exposure time, the image is projected not at the optimum tar- 
get to plate distance but at a shorter one. The optimum magnification (up to 
2000 X) is then realized by subsequent photographic enlargement. The maximum 
attainable resolution of the Cosslett & Nixon microscope is 0.1-0.2 .9 The ex- 
posure is relatively short: 5-30 min; it depends on the material and thickness 
of the specimen. The x-rays are generated at 8-10 kv. 

A different principle for obtaining a point x-ray source is utilized in the 
equipment developed by the writers®,? and shown schematically in Fig.l,c. The 
focusing of the electrons emitted by the incandescent filament (cathode) is re- 
alized electrostatically and by directing the electron beam onto the tip of a 
very sharp electrolytically pointed needle - the target. The radius of the needle 
tip can readily be brought down to 0.01 py. Actually, however, the electrons are 
incident not only on the needle tip proper but also on the adjacent conical sur- 
face. The size of the bombarded area is determined by the focusing arrangement: 
the shape and size of the aperture, the shape and diameter of the cathode (cath- 
ode loop) and to a large extent by the centering of the needle tip, focusing aper- 
ture and cathode loop. The fact that the x-rays and the electron beam are propa- 
gated in opposite directions assures permanence of the exit window, which is lo- 
cated very close to the cathode, and purity of the x-ray image. The x-rays are 
emitted either into the atmosphere or into a vacuum chamber in which the sample 
and photographic plate are located. With the microprojector described earlier®,7 
we were able to obtain a resolution of about 0.6 uu. Microradiograms were record- 


ed in vacuum or in air with voltages of 6 to 10 kv. 


An x-ray shadow image can easily be obtained by means of the very simple op- 
tical device, the camera obscura, the theory of which was developed by Kepler. 


To obtain an instrument of this type with high resolution we built a camera ob- 
scura with a “pinhole” about 0.5 yw in diameter.® By means of this camera, a di- 
-agram of which is shown in Fig.1,d, we obtained a good x-ray shadow image with 
high resolution (better than 1 y). The camera obscura method, however, has not 


| 
. 


‘been developed further owing to the low intensity of the x-ray source obtained 


in this instrument. Further development is predicated on the availability of 
suitable powerful x-ray tubes. 

Both the Cosslett & Nixon shadow microscope and the x-ray microprojector 
developed by the present writers are characterized by an appreciably higher 
source intensity. Owing to favorable heat removal conditions, the specific load 


on the target in these instruments attains about 100 kw/ mn? with a target curs 
rent of only 1-5 wa. Cosslett & Nixon started work oe their x-ray shadow micro- 
scope in 1947-8 in the Cavendish Laboratory at Cambridge. lay the USSR, wor in 
this direction was begun independently by the present authors in the Institute 
of Machine Construction in 1952-3. At present x-ray microscopes of the shadow 
and reflecting types are under development in a number of laboratories here and 
abroad.19 Most laboratory microscopes built so far are experimental models. The 
first prototype commercial shadow microscope was produced in the USA towards the 
end of 1958. 

Cosslett estimates that the ultimate resolution attainable by the shadow 
method ig 70-100 A.11 It should be borne in mind that the maximum magnification 
obtainable in an x-ray microscope is determined by the contrast of the image, 
increase of which is connected with decrease of the generating potential. The 
above mentioned theoretical ultimate resolution has not yet been achieved in any 
actual x-ray microscope; hence there is still room for improvement where present 
day microscopes are concerned. 

Obviously, the future of x-ray shadow microscopy and the efforts put into 
developing instruments will depend on the potentialities and possible uses of 
this type of microscopy. It may safely be asserted that the x-ray shadow micro- 
scope will never attain the resolution of the best electron microscopes. On the 
other hand, when it comes to optical microscopes, there are already extant labore 
tory models of x-ray shadow microscopes that equal or exceed the resolution of 
optical microscopes. Hence it is important to carry out investigations aimed at 
qualitative comparison of x-ray shadow images with the results obtainable by opti 
cal microscopy. Thus one can establish the fields of research where it is expedi 
ent to use the techniques of x-ray microscopy. 


New Model X-Ray Microprojector 


The new model x-ray shadow microscope described below is essentially a needI 
type microprojector®,? operating on the principle illustrated in Fig.l,c. 

The effective operating period of the microprojector after adjustment depenc 
primarily on the vacuum in the instrument and this in turn depends on the number 
and quality of the vacuum joints and seals. In the earlier model microprojector® 
there were quite a few vacuum seals; this was one of the reasons prompting rede- 
sign of the instrument. Another, more important reason was connected with the 
necessity of improving the provisions for adjustment of the principal components 
of the microprojector, the proper alignment of which determines the size of the 
focus and, consequently, the resolving power of the instrument. Finally, the 
third reason that prompted redesign of the model microprojector was the necessity 
of reducing its sensitivity to extraneous sources of shock and vibration. | 

The x-ray path in the new microprojector is vertical. The microprojector ig 
designed with a single vacuum joint. The projecting device, which is a separate 
unit, is shown in cross section in Fig.2. The main housing 1 is made of teflon 
and contains the target holder 2 and the target needle 3. The target is centered 
by the three lateral screws 4 and moved vertically by the feedscrew 5. Adjustmen 
and centering of the target needle, the focusing aperture 6 and the cathode fila- 
ment in the form of a loop 7 is realized under an optical microscope. To this : 
ve the entire assembly pictured in Fig.2 is mounted in a special holder on the 
microscope stage. The cathode is then centered and positioned at the requisite 
distance from the focusing aperture by means of the coupling nut 8 and the three. 
feedscrews 9. The specimen is placed in the specimen holder 10, 
justment under the microscope the entire assembly is transferred t 
jector and clamped in position. 


After proper ac 
o the micropro 


Fig.2. Projecting device of the 
new model x-ray needle type 
microprojector: 1) teflon hous- 
ing, 2) target holder, 3) needle, 
4) lateral adjustment screws, 5) 
vertical feedscrew, 6) focusing 
aperture, 7) heater filament - 
cathode, 8) coupling nut, 9) 
feedscrews, 10) specimen holder, 
11) heater current leads. 


mum photographic plate to target 
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The high voltage is applied to the anode 
(target); the heater current is brought to the 
leads 11, one of which is grounded. 

For recording microradiographs in air the 
instrument is provided with an adaptor in the 
form of a short cap with a cellophane window and 
a separate magazine with a photographic cassette. 
The short cap with a cellophane window also al- 
lows of checking the centering of the principal 
components of the projector and the target needle 
in the working state. To this end the cap is 
mounted on a special stand with a microscope. 

The resolving power of the microprojector 
depends, as was noted above, not only on the 
“sharpness” of the target needle but also on 
the accuracy of centering and the dimensions 
and the shape of the focusing device and the 
cathode loop. We determined experimentally that 
with a tip to aperture distance of 0.2 mm the 
best focusing is obtained with a 0.1 mm diameter 
focusing aperture and a 0.15 mm diameter loop 
cathode wound of 0.023 mm diameter tungsten wire 
and positioned at a distance of 0.2 mm from the 
aperture. 

The specimen is mounted in the microproject- 
or at a distance of not less than 0.2 mm from the 
cathode; then the total distance from the speci- 
men to the anode is about 0.6 mm. With the opti- 
distance of about 400 mm the direct magnification 


is approximately 650 X. The x-ray shadow image can then be enlarged photographic- 
ally to obtain a total magnification of 2000 xX. 


We evaluated the resolution 


of the instrument, which, as noted, depends on 


the effective cross section of the x-ray source, on the basis of micrographs of 
a grid and the details discernible in microradiographs of different objects. 

A good vacuum is attained in the new model microprojector 5 to 30 min after 
starting the vacuum system. Microradiographs can be recorded at voltages from 1 
to 15 kv and currents from 1 to 5 wa. We prepared and tested needle targets of 
tungsten, molybdenum, iron, nickel, cobalt and chromium. 

Fig.3 shows microradiographs of a grid with a direct magnification of 400 X 
and a total magnification of 2000 X. The filament thickness of the grid is 5 uy, 


#Fig.3. Microradiographs 
of a 50 uw mesh, 5 yw fila- 
ment grid: a) direct mag- 
nification 400 X, b) total 
magnification including 
photographic enlargement 
2000 X. Radiation from 
tungsten target; voltage 
6 kv, current 2 ya, ex- 
posure 5 min. 
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This grid is rather coarse and hence does not allow of 

highly accurate evaluation of the attainable resolution. Never Neto je ae: 
microradiographs reproduced in Fig.3 one can evaluate ee resolution of e micro 
projector as about 0.5 YW; on the basis of other microradiographs we arrived at a 


resolving power of about 0.2 ui. 


the mesh size is 50 yu. 


Some Practical Applications of the X-Ray Microscopic Technique 
some Practical App) 1 


The scope and potentialities of x-ray microscopy can only be determined 
fairly and fully by evaluating the results of studies made with x-ray mi croscoos 
We are carrying out investigations along this line and have already published 
some of the results!2,13 ; 

In principle, the x-ray microscopic techniquel’#, like conventional optical 
microscopy, can be utilized in diverse fields of scientific investigation. At 
present one can point to five principal research fields in which at’ can perap— 
plied: these are investigations of the structural 
details of biological specimens and microorganisms, 
histological objects and mineralogical specimens; 
investigation of the microstructure of the products 
of organic synthesis and samples of metals and al- 
loys subjected to heat and mechanical treatment. 
Here we reproduce a number of microradiographs ob- 
tained in the course of our exploratory research. 

Fig.4 is a microradiograph of the hind leg of 
an anopheles mosquito magnified 700 X; the specimen 
was not prepared in any way. One can readily dis- 
cern the internal structure of the leg. On the 
contour one can distinctly see two needlelike hairs 
a and b (there is a dust speck clinging to hair b).., 
The resolution of the microscope evaluated from the 
appearance of these hairs is of the order of 0.2 u,, 
The contrast of the image, which was obtained at 
4 kv, allows of distinguishing details differing 
only 0.1 uw in thickness. Fig.4 illustrates the 


Fig.4. Microradiograph of possibility of investigating the internal struc- 
part of the back leg of an ture of biological specimens without "absorption 
anopheles mosquito. Magni- staining” or other preparation. To bring out the 
fication 700 X, tungsten same details with visible light it would be neces- 
target, voltage 4 kv, cur- sary to make very thin sections and prepare them 
rent 3 ua, exposure 15 min. in a suitable manner. 


+#Fig.5. Microradiographs 
of sections of bone tissue 
a) human bone affected wit 
radiation sickness: magni- 
fication 600 X, tungsten 
target, 3 kv, 4 wa, expo-. 
sure time 20 min; b) frac- 
tured rat leg bone subject 
ed to ionizing radiation 
during regeneration 28 da 
after fracturing: magnifi 
cation 400 X, tungsten an 

; ode, 3 kv, 4 wa, exposure 

db 10 min. 


Cay 
4 
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Fig.5 shows microradiographs of histological specimens: sections of human 
and rat bone tissue. These sections were cut on a rather coarse microtome. It 
was impossible to obtain any significant information on the bone structure from 
these sections under an optical microscope. Fig.5,a is a microradiograph of a 
section of human bone subjected to ionizing radiation (afflicted with radiation 
sickness): 1 is an area of "normal" bone tissue; 2 is a section of decalcified 

bone tissue. The size of the pores’ developing under the influence of ionizing 
radiation is of the order of many microns. Fig.5,b is a microradiograph of the 
back leg of a rat subjected to doses of ionizing radiation 28 days after frac- 
ture: 1 - normal bone tissue, 2 - regenerated tissue (collagen) and 3 - collagen 
in the process of ossification. 

Microradiographs of two mineral specimens are reproduced in Fig.6. Fig.6,a 
represents a specimen of Krivoi Roy iron ore agglomerate; the mineral composition 
of the specimen could be established from the density of sections 1 & 2; the ratio 
of blackening of these sections is in good agreement with the calculated values 

-for fayalite (2Fe0°Si0.5) and magnetite (Fe30,), respectively. Fig.6,b is a micro- 
gram of a section of coal; against the dark background 1 (coal) there clearly 
stand out inclusions of pyrite 2 and thin quartz veins 3. The thickness of the 
quartz veins is 2-3 uy. These veins cannot be distinguished under an optical 
microscope in either natural or polarized light. 


Fig.6. Microradiographs of mineral specimens: a) Krivoi Rog iron ore agglomerate; 

magnification 80 X, section thickness 0.04 mm, nickel target, 12 kv, 5 PE eionss 

posure 30 min; b) coal: section thickness, 0.08 mn, magnification 550 X, nickel 
target, 5 kv, 3 a, exposure 5 min. 


‘SS 
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Typical microradiographs of metallic specimens are shown in Figs7." The 
first specimen (a) was prepared of bronze containing 18% tin; the alloy pee de- 
formed by forging and subjected to diffusion annealing for 150 GD ele oY : One 
can clearly discern the dendritic structure; the thickness of the stems is 


1-2 uw. The microdendritic structure does not appear in optical Fs ne The 


- specimen shown in Fig.7,b was prepared of a complex aluminum alloy (Al1-19 


St 


NT 


This specimen was prepared from a test piece subjected to an endurance test: 


6.5 kg/mm? load for 100 hours at 300°. Clearly discernible in the Paste dete 
graph are white streaks and a dark irregular area; these represent rupture ei 
- (microcracks). Neither the segregations nor the microcracks could be observe 
in this specimen by the conventional techniques of metallurgical microscopy, 
since no suitable etchant could be found. 


- 534 - 


«Fig.7. Microradiographs of 
alloy specimens: a) bronze 
containing 18% tin, forged 
and annealed 150 hrs at 450°: 
specimen thickness 0.02 mn, 
magnification 650 X, W target, 
15 kv, 5 wa, exposure 45 min; 
b) Al-19 complex aluminum al- 
loy: specimen thickness 0.02 
mm, magnification 800 xX, W 
target, 12 kv, 3 wa, exposure 
40 min. 


Institute of Machine Construction (IMASh) , 
Academy of Sciences of the USSR 


References 


1. R.S.Sharpe, X-Ray Microscopy and Microradiography, p.550, Academic Press 
ENC oes Vols melo ls 

2. E.Votava, A.Bergherau & R.H.Gillete, X-Ray Microscopy and Microradio- 
graphy, p.603, N.Y., 1957. 

3. B.M.Rovinskii & N.D.Gombashidze, Zavodsk. lab. (Industrial laboratory) , 
No.2, 157 (1951). 

4. V.E.Cosslett & W.C.Nixon, J.Appl.Phys., 24, 616 (1953). 

bw. CeNixOngeNature, 170,80 (a0 (1955). 

6. B.M.Rovinsky, V.G.Lutzau & A,I.Avdeyenko, Izv.AN SSSR, Ser.fiz., 20, 
848 (1956). 

7. B.M.Rovinsky, V.G,Lutzau & A. I. Avdeyenko, X-Ray Microscopy and Micro- 
radiography, p.269, N.Y., 1957. 

8. B.M.Rovinskii & V.G.Lyuttsau, Izv.AN SSSR, Ser.fiz., 20, 853 (1956). 
(Trans.Bulletin 20, No.7, 775.) 

9. W.C.Nixon & V.Baez Albert, Lectures on the X-Ray Microscopy at the Uni- 
versity of Redlands, Redlands, Cal., 7-29 February, 1956. 

10, X-Ray Microscopy and Microradiography, N.Y., 1957. 

ll. V.E.Cosslett, Primenenie elektronnoi mikroskopii (Application of Elec- 
tron Microscopy) (Trans.from English) M., 1957. 

12. V.A.Polyakov & V.G.Lyuttsau, Eksperimental'naya khirurgiya (Experimental 
surgery) , No.10 (1959). 

13. I.F.Kolobnev, V.G,Lyuttsau & N.A.Aristova, Metallovedenie i obrabotka 
metallov, No.11 (1959). (Trans.Physics of Metals and Metallography.) 

14. V.G.Lyuttsau, Zavodsk. laboratoriya, No.3 (1959). (Trans. Industrial 
Laboratory.) 


——_—_—_--*. 


- 535 - 


ELECTRON-OPTICAL X-RAY IMAGE INTENSIFIER 
- M.M. Butslov 


Modern diagnostic and industrial x-ray installations consist of an x-ray 
source, i.e., an x-ray tube and power supply, and a fluoroscopic screen with ap- 
propriate provisions for either visual observation or photography. Actually, 
the brightness and resolution of even modern fluoroscopic screens are inadequate 
for visual observation and, particularly, for photographic recording; hence to 
obtain images of adequate intensity one must use high intensity sources of very 
hard x-rays. As a result x-ray installations become very bulky and, what is more 
important, dangerous both from the standpoint of the patient and that of the oper- 
ator. Even a small decrease in the wavelength or intensity of the x-radiation 
makes it necessary for the service personnel or physician to work under condi- 
tions of dark adaptation, i.e., in a darkened room, which in turn involves ad- 
ditional difficulties and inconveniences and thereby limits the usefulness of 
x-ray equipment. 

For reduction of the intensity and in some cases the hardness of x-rays 
radiologists have suggested the use of electron-optical converters with great 
reduction of the electronic image. The results of research along this line were 
first published by the Westinghouse Electric Corporation in 1948. Special bright- 
ness intensifiers for x-ray images were developed independently in the USSR in 
1950. Somewhat later the Philips Laboratories (Holland) developed several types 
of x-ray image intensifiers, differing primarily as regards the diameter of the 
fluoroscopic screen. These intensifiers were intended for use in conjunction 
with special low intensity x-ray equipment. 

A diagram of the x-ray image converter 
tube developed by the American and Netherlands 
firms is shown in Fig.l. The converter consists 
of a glass envelope 1, inside which is an alumi- 
num cup 2. The fluoroscopic screen 3 is located 
immediately behind this cup. The back surface 
of the screen is coated with a cesium-antimony 
layer forming the semitransparent photocathode 
4, which has a high sensitivity in the emission 


Fig.1. Electronic x-ray image range of the fluoroscopic screen. The side 
intensifier tube: 1) glass walls of the envelope are coated with a conduct- 
envelope, 2) aluminum cup, 3) ing layer 5. The converter anode is an aluminum 
fluoroscopic screen, 4) cesium- cone 6, inside which is located an aluminized 
antimony photocathode, 5) con- fluorescent screen 7. A potential of the order 
ducting coating, 6) aluminum of 20-25 kv is applied between the aluminum cup 
cone, 7) fluorescent final and the anode. As a result, there is set up an 
screen. electrostatic field in the space between the 


aluminum cup and the anode; under the influence 
of this field all the electrons emitted from a given point of the photocathode 
converge to a single "point" on the final fluorescent screen; the diameter of the 
circle of diffusion on the final screen is given by the relation 


A, =km =, (1) 


where k is a constant coefficient, m is the electron-optical magnification of the 
image, v, is the initial electron velocity, and E is the electric field at the 


photocathode. 
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A certain potential difference is applied between the conducting coating 5 
and the aluminum cup 2; this is necessary for more accurate focusing of the elec- 
trons emitted from the photocathode. It will be evident from Eq.(1) that the 
sharpness or definition of the electronic image in the converter, other condi- 
tions being equal, will depend on the strength of the electric field E at the 
cathode, which, in turn, is related to the geometry of the converter and the ap- 


plied accelerating potential by the expression 


4.8 
Peed an, pee (2) 
ak Dee 


Ibias 


where U, is the potential on the conducting coating 5, D is the diameter of the 
envelope, d is the diameter of the aperture in the anode cone 6, U is the acceler- 
ating voltage and L, is the distance from the cathode to the anode. 

It will be evident from Eq.(2) that the intensity of the electric field at 
the photocathode falls off rapidly with increase of D and L, and that design of 
converters with appreciable intensification factors imposes the requirement of 
using small values of m which in turn, leads to large values of L,. Thus de- 
crease of the field E leads to decrease in the sharpness of the final image. 

The parameters of the Philips image intensifier are m= 0.1, U= 23 kv, U, = 200 
v, D = 165 mm, d= 8 mm and L, = 185 mm. Substituting these values in formula 
(2), we find E ~48 v/cem. At this field value, the diameter of the circle of 
confusion A, referred to the photocathode at vw, = 0.5 v, as determined by Eq. (1) 
is 

v 0.9 


ANA = 2 7 Sl Te = 0.0125 cm. 


The resolution N, of the converter will be 


NG —ie - = 80 ares (3) 


i.e., the resolution at the axis of such an electron-optical converter (disre- 
garding the resolving power of the fluoroscopic screen) amounts to 8 lines per 
mm of the photocathode. 

We know from electron optics that in the case of curvature of the electron- 
ic image field the sharpness of the image in converters of the described type 
falls off rapidly in going from the center to the edge of the photocathode. The 
diameter of the circle of confusion as a function of the field curvature is given. 


by the equation 
ow te 0 
s= AV 7 (4) 


where y is the distance from the center of the photocathode and R is the radius 
of curvature of the electronic image. 


Substituting , = 5 cm and R = 3 cm in Eq.(4), we obtain 


25 0.5 om 
Ss= SV 5-197 0-037 en. 


The resolution at a point 50 mm from the center is given by 


1 4 
N => _— eas 
aaa Cy ae 27 om | 


(or 2.7 lines per mm of the cathode) . 


Comparing the above values of N, and N 
1 gq» we find that the image shar 
decreases greatly in going from the center to the edge of the catheae ond 
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It is known from investigations of fluoro- 
scopic screens that screens of optimal thickness 
in the case of ~75 kv x-rays have a resolution 
N3 ~3 lines per mm. Comparing the above values 
of Ny, No and Nz, we see that the resolution of 
the x-ray converter both at the axis and at the 
edges of the cathode must be close to the reso- 
lution of the fluoroscopic screen. Actual 
measurements of the resolving power in x-ray 
converter tubes put out by the Muller firm show- 
ed that their resolution is about 2.5 lines per 
mm of the cathode. Converting this to the reso- 
Fig.2. Spectral characteristics lution on the final screen of a converter with 
of the sensitivity of the human m= 0.1, we obtain a value of 25 lines per mm 
eye (K(\)), and a semitranspar- of the screen. 
ent cesium-antimony photocathode The brightness of the image on the final 
(g(\.)), and the emission of fluorescent screen in the above-described image 
ZnS:Ag phosphor (P,(\)) and a intensifier is given by the formula 
standard "A" source (P,(\)). 


400 500 


A.m 


Bam py, (5) 
where @ is the sensitivity of the photocathode in amp/lumen, y is the yield of 
the final screen in candles per watt, U is the accelerating potential in volts, 
mis the electron optical magnification, and B is the brightness of the image on 
the fluoroscopic screen viewed from the photocathode side. 

Usually the sensitivity m of photocathodes is specified in microamperes per 
lumen radiation from a standard "A" source, i.e., radiation at a color tempera- 
ture of 2850°K. In the case of the electronic intensifier tube, the source is 
the emission of the fluoroscopic screen and, consequently, the sensitivity in the 
formula for the image brightness coefficient must be given in terms of the sensi 
tivity of the photocathode to the luminescence of the fluoroscopic screen. To 
convert @ we must know the characteristic emission curves of the fluoroscopic 
screen and the standard "A" source as well as the spectral response curves for 
the photocathode and the human eye. 

Usually the fluoroscopic screens in electron-optical x-ray intensifiers are 
prepared of Ag-activated zinc sulfide phosphor. The spectral emission curve for 
a phosphor of this type is given in Fig.2. The most effective detector for the 
emission of such a screen is a semitransparent cesium-antimony photocathode, the 
spectral response curve for which is also shown in Fig.2, together with the char- 
acteristic emission curve of an "A" source and the spectral perception curve for 
the human eye. The integral response of such a cathode to radiation from a stand- 
ard "A" source is given by the formula 


Bei ePAa . is 
683 {P, (A) K(a)da ’ 


—_ 


_ 


hence the sensitivity of the same cathode to the emission of the ZnS:Ag phosphor 
will be described by 
a \ (A) P1(A) da 


1 ea PLOyE Gan (D 


In the above equations a is a constant characterizing the relative spectral 

_gensitivity of the cathode. Obviously, the ratio of the photocathode ADA Rae SLE 

; ties to the emission of the phosphor and the radiation of the standard 'A'’ source 
will be 


= (8) 


Calculations carried out by means of Eq. (8) and the curves of Fig.2 showed 
that the sensitivity of a semitransparent cesium-antimony photocathode to the 
light flux from the back side of a ZnS:Ag phosphor screen is approximately 10 
times higher than for the radiation from a standard "a'’ source on the basis of 
which the response of photocathodes is rated, i.e., y= 10. Assuming y = 10 
candles per watt, U= 25 kv, m = 0.1, and ga= SO wa per lumen, and substituting 
these values in Eq. (5), we obtain for the brightness of the image on the final 


screen 


i 14-50 - 107 - 10-10 - 25 - 108 
jel ees Ee Bae 3.14-5 a 0-2 0 — 4.104B. 


Direct experimental measurements of the integral sensitivity of semitrans- 
parent cesium-antimony photocathodes of the type used in x-ray intensifiers to 
the light from a standard “A" source with front illumination showed that the 
sensitivity does not exceed 10 ya per lumen. Assuming that in the case of illu- 
mination from the back the sensitivity of the cathode will be no higher, we find 
that the brightness of the image on the final screen of the converter should be 
B' 8-109 B. 

Inasmuch as conventional yellow-green fluoroscopic screens have an efficien-— 
cy about five times higher than the blue-violet converter screens, the above de- 
scribed image intensifier should yield an increase of the x-ray image intensity 
of 8-103:5 = 1600 times; this is the intensification actually observed in the 
case of the best samples. 

An important consideration where electron-optical converters are concerned 
is retention of adequate contrast. The contrast K' of the image in the x-ray in- 
tensifier is related to the contrast K obtained directly on the fluoroscopic 
screen by the expression 


K' = K Bk = Bo (9) 


where Bt is the brightness of the light background in the image on the final 
screen of the converter and By is the brightness on the final screen in the areas 
corresponding to completely opaque sections of the specimen. The dark field 
brightness B, is determined primarily by the density of the thermionic current 
from the cathode, the excitation of the cathode as a result of internal reflec- 
tion in the converter of radiation from the fluoroscopic screen, the irradiation 
of the final screen by x-rays and the total internal reflection from the glass 
substrate of the final screen phosphor. 

The brightness of the background due to thermionic emission is given by 


fees eal : (10) 
where i, is the density of the thermionic current from the cathode. The thermi-| 
onic current from a semitransparent cesium-antimony photocathode at room tempera- 
ture is reported to be approximately 10717’amp/com@. Hence the brightness of the 
background due to this factor is about 1075 stilb, which is too low to produce 
any noticeable effect on the contrast. 

Internal reflection in the converter can be eliminated by reducing the co- 
efficient of reflection of the fittings and mounting components. The brightness | 
of the final screen due to irradiation by x-rays penetrating to it is also low | 
owing to the small thickness of the coating. The losses due to total internal 
reflection from the glass substrate amount to 5-8%. Thus both evaluations and 


ss 
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experimental measurements show that the total loss 
in image contrast in an x-ray intensifier tube does 
not exceed 15%. 

At present there has been developed in the 
Soviet Union an electron-optical x-ray image in- 
tensifier with an effective fluoroscopic screen di- 
ameter of 100 mm and characteristics, similar to 
those of the Philips and Muller converter tubes. 
This year there will be developed and produced con- 
verter tubes with an effective screen diameter of 
130 mm. 

A serious shortcoming of the above described 
x-ray image intensifiers is their relatively small 
effective diameter, which makes it impossible to 
examine large specimens in entirety. To permit ob- 
servation of large specimens, we proposed and are 
Fig.3. Diagram of electron- now developing a new intensifier design based on 
optical x-ray image intensi- the use of a light amplifier. A diagram of the 
fying equipment: 1) x-ray equipment is shown in Fig.3. 


source, 2) fluoroscopic The x-rays from the source 1 pass through the 
screen, 3) mirror (or re- specimen (not shown in Fig.3) and impinge on the 

flecting prism), 4) lens, fluoroscopic screen 2. The image on the screen is 
5) semitransparent photo- reflected by the mirror or prism 3 and focused by 


cathode, 6) light amplifier, the large aperture lens 4 on the semitransparent 
7) magnetic lenses, 8) final photocathode 5 of the light amplifier 6. The light 
screen, 9) eyepiece (or cam- amplifier is a multiple stage electron-optical con- 
era). verter in which the electrons are focused by means 
of the magnetic lenses 7. The intensified image 
appears on the final screen 8 and can either be photographed or observed visually 
through an appropriate eyepiece 9. As has been noted in the published work of 
E.K. Zavoiskii, M.M.Butslov and others, modern multiple stage electron-optical 
converters have an amplification factor comparable to the multiplication factor 
of photomultipliers, i.e., 108-107, and a resolving power of 1072 cm, which is 
fully adequate for their use in conjunction with x-ray installations. 

Transfer of the image from the fluoroscopic screen 2 to the photocathode 5 
by the optical system (mirror 3 and lens 4) naturally involves some loss, the 
magnitude of which depends exclusively on the parameters of the optics and is 
given by the relation 

2 
De= —, (11) 
where tT is a coefficient characterizing the transmission of the optical system 
and o is the relative aperture of the lens. 

For good quality lenses t is of the order of 0.8 and the relative aperture 
is 1:1. In this case the amount of light energy transferred to the cathode 
amounts to about 20%, or taking into account the reflection loss, approximately 
18%. Bearing in mind that the light amplifier 6 has an amplification factor of 
about 10°, we can obtain on the final screen an image of the fluoroscopic screen 


intensified by a factor of tens or even hundreds of thousands. An important ad- 


vantage of the described equipment is that one can use large fluoroscopic screens 
(350 x 350 mm) inasmuch as the image projected on the photocathode is demagnified 
10 X by the optical system. Tests of a working model built in our laboratory sub- 
stantiate the above evaluations. The contrast loss in this equipment is minor 
and does not exceed the loss in the Philips type x-ray image intensifier, i.e., 
15%. 
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INFLUENCE OF MINOR IMPURITIES AND ROENTGENIZAT ION ON THE X-RAY ABSORPTION 


SPECTRUM OF CRYSTALLINE KCl 
- K.1I.Narbutt & I.S. Smirnova 


The present research was a continuation of our investigations! of the mani- 


festation in the fine structure of the x-ray absorption spectrum of crystals of 
local levels associated with imperfections of the crystal lattice, produced by 
the introduction of impurities or roentgenization of the crystal. 

Our purpose was to determine how the fine structure of the absorption spec- 
trum of a crystal is affected by possible changes in the system of local defect 
levels associated with a) variations in the amount of impurity, b) changes in 
the type of impurity, c) x-irradiation to the appearance of color, d) subsequent 
bleaching of the crystal, and e) subsequent heating of the crystal. 

For the present work we chose crystalline KCl. This choice was determined 
by the fact that there are available for KCl crystals data on the energy posi- 
tion of local defect levels, obtained by familiar optical methods, i.e., data 
with which we could compare our results obtained by x-ray spectroscopy. More- 
over, in making our choice, we took into account the fact that the K absorption 
spectra of both components of impurity free, non-irradiated KCl crystals have 
been investigated in detail both experimentally2>3 and theoretically?»5, 


Experimental procedure 


The K absorption spectra of potassium in KCl crystals with different minor 
impurities were obtained in the second order of reflection from the (1010) planes 
on a Johann type x-ray spectrograph with a curved quartz crystal. The dispersion 
in the investigated region was 4.86 X/mm or 5.14 ev/mm.* The spectra were record- 
ed photographically and scanned on an MF-2 microphotometer. The reference lines 
for determining the wavelengths of the absorption peaks were the MQ, and MB lines: 
of tungsten. The absorbers (specimens) were prepared by rubbing the finely groune 
crystalline powder into thin cigarette paper. The optimum absorber thickness was: 
determined experimentally and was 3.5 u. 

It must be noted that the experimental problem of detecting the weak absorp-. 
tion peaks associated with transition of the K electron to local defect levels 
is much more complicated than the problem of resolving the fine structure of the 
principal absorption edge, inasmuch as in this case we are concerned with very 
small fluctuations of the absorption coefficient, fluctuations that lie virtually: 
at the sensitivity threshold of the equipment. It was feasible to distinguish 
true fluctuations from accidental ones only through the use of very fine-grain 
film, careful film development and accumulation and analysis of ample experiment-. 
al material. Each of the curves given below is the result of averaging a number 
of spectrograms. 


Experimental Results 


We investigated the K absorption spectra of potassium in KCl crystals with 
different amounts of silver: from 0.001 to 5 mole percent. It was found that in- 

*Apparently inferior dispersion in the region of the K edge of chlorine (the 
spectra were recorded in the first order) was the reason for the lack of success 
in the first experimental attempt® to obtain evidence of local defect levels in i 
the x-ray absorption spectrum of KCl crystals subjected to a heavy dose of x- | 
radiation. In the present work, we succeeded in detecting the manifestation of : 
local imperfection levels in an x-rayed KCl crystal free of impurities. | 
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troduction of the silver impurity leads to dis- 
placement of the K absorption spectrum of potas- 
Sium in KCl to the side of shorter wavelengths, 
the magnitude of the shift increasing with increas- 
ing impurity concentration. In the case of the 
maximum AgCl concentration (5 mole percent), the 
shift of the first absorption peak attains 0.9 ev. 
The variation of the displacement of the K absorp- 
tion edge of potassium with the amount of impurity 
is shown in Fig.1. Thus we substantiated for the 
case of the K absorption of potassium in KCl (Ag) 

p ? Patrols % the effect of displacement of the absorption spec- 

trum in alkali halide crystals to the side of 
Fig.l. Variation in the shift shorter wavelengths as a result of doping with an 
in the first peak in the K ab- activator impurity, i.e., the effect observed 
sorption spectrum of potassium earlier by us for the Lyyzz absorption spectrum of 
in KC1(Ag) crystals with the cesium in CsI(T1).1 
amount of impurity. The influence of impurity is also evinced in 
the structure of the principal absorption edge. 

At low impurity concentrations the details of the structure become sharper, while 
at higher concentrations there is additional splitting. We observed a similar 
effect in the case of the Lyyz absorption spectra of Cs and I in CsI(T1) and 
Nal(T1) crystals.1 At present, pending accumulation of further experimental data, 
we cannot establish a definite regularity for the observed changes. In the pres- 
ent investigation our primary purpose was to detect the manifestation of local 
defect levels in the fine structure of the x-ray spectrum. Hence we paid parti- 
cular attention to the presence of weak absorption peaks in the long wavelength 
region of the spectrum near the absorption discontinuity. It is precisely in 
this region, between the last emission line and the first selective absorption 
line, that we expected to detect, as was earlier predicted, evidence of local 
levels, the formation of which is associated with the introduction of a minor im- 
purity and with other crystal lattice defects produced, in particular, by roent- 
genization of the crystal. Weak absorption humps begin to be evident in the spec- 
trum at a silver impurity concentration of 0.001 mole percent. Beginning with a 
concentration of 0.01 mole percent, these weak fluctuations become clearly dis- 
cernible additional absorption peaks. Apparently, saturation is attained at this 
concentration and further increase in the Ag concentration leads to no noticeable 
increase in the intensity of these peaks. 

The energy position of the additional weak peaks does not depend on the im- 
purity concentration, which is in agreement with the fact familiar from optical 
studies that the energy-height of local defect levels in a crystal does not de- 
pend on the amount of impurity present. 

Fig.2 shows the K absorption spectrum of potassium in pure KCl and in KCl + 
+ 0.01 mole percent AgCl. This impurity concentration proved to be the optimum 


one, i.e., the concentration at which the absorption peaks of interest to us were 


most clearly evident. We have indicated in the figure the position of the last 
filled band, according to Valasek’, and the position of the local L and F levels 


determined by optical methods®. It will be evident that the energy positions of 


—e- 


the two peaks detected by us coincide exactly with the optically determined posi- 


tions of the L and F levels. Thus, we can explain the appearance of these two 


weak absorption peaks, associated with transfer of the potassium K electron to 


; the L and F levels. For purposes of reference, we identify the other two rises 


in the absorption spectrum as peaks A and B. 
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Fig.2. K absorption spectrum of potassium in KCl and KCl + 0.01 mole percent 
AgCl crystals. The heavy solid lines at the left indicate the energy positions 
of the last filled bands in the KCl crystal (according to Valasek’”) ; the dashed 
lines indicate the energy positions of ls local L and F levels (according to 
Kats®). 
Fig.3. Sections of the K absorption spectra of potassium in KCl + 0.01 
mole % AgCl (a), KCl + 0.1 mole percent ZnClg (b) and KCl + 1.5 mole 
percent ZnClo (c) between the position of the last emission line and 
the beginning of the principal absorption edge. Below the spectrum - 
diagram giving the energy positions of the local imperfection levels 
(dashed lines) relative to the last filled band (solid heavy lines). 


Fig.3 gives the sections between the last emission line and the beginning 
of the principal absorption edge of the absorption spectra of KCl crystals with 
different impurities. The upper curve is for KCl + 0.01 mole percent AgCl; sil- 
ver is an activator and upon its introduction the crystal acquires the ability 
to luminesce. The two lower curves are for KCl with 0.1 and 1.5 mole percent 
ZnClg; as an impurity Zn is qualitatively different from Ag, i.e. , KC1l(Zn) crys- 
tals are not luminescent. It will be evident from the figure that L, F and B 
peaks are present in all three spectra; the appearance of the L and F levels and 
the level evinced by the B peak is connected with the presence of defects in the 
crystal; the number of such imperfection levels increases greatly with introduc- 
tion of an impurity (we did not detect these peaks in the spectrum of crystals 
free of impurities) , but does not depend on the type of impurity. In contrast, 
the A peak appears only with the introduction of silver and is not present in 
the absorption spectrum of KC1(Zn). It may be inferred, therefore, that the cor- 


| 
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Fig.4. Sections of the K absorption spectra of potassium between the last emis- 

sion line and the beginning of the principal absorption edge in weakly x-irradi- 
ated KCl (a), KCl + 0.01 mole percent AgCl (b), 
KCl + 5 mole percent AgCl (c) and a heavily x- 

| irradiated KCl + 5 mole percent AgCl (da) crystals. 


Fig.5. K absorption spectra of potassium in impuri- 
ty free KCl crystals, weakly irradiated (a) and 
heavily irradiated (b). 


responding local level is characteristic of the activating impurity, Ag. The in- 
tensity of this peak depends on the silver concentration. Doping with zinc leads 
to the appearance of two absorption peaks characteristic of this impurity. In 
the lower part of the figure we give diagrams showing the energy position of the 
local levels relative to the last filled band in KCl(Ag) and KC1(Zn) crystals. 
Next we carried out the following experiment. The KCl + 5 mole percent AgCl 
absorber from the spectrum of which the A peak disappeared was subjected to x- 
irradiation to the appearance of violet color; the absorber was held for 2 hours 
over the window of a sealed x-ray tube operating at 50 kv and 50 ma. As is known, 
coloring is connected with formation of F centers, i.e., with filling of the F 


levels. It was therefore natural to expect that the F levels would not be evinced 


in the absorption spectrum of the x-ray colored crystal. This was in fact the 


case (Fig.4). Moreover, as the result of the roentgenization there again appeared 


the A peak as well as additional C, D and E peaks which were not detected in the 
spectra of the weakly irradiated crystals. It must be noted that actually in no 
case were we able to investigate a completely nonirradiated crystal inasmuch as 


our experimental tool was x-rays. Hence we can speak only of the degree of roent- 


genization. We refer to specimens subjected to irradiation only during recording 


of the absorption spectrum as weakly irradiated (in the absorption measurements 


the absorbers were located in the defined beam, i.e., after the analyzer crystal). 


The greatest number of local defect levels is evinced in the absorption spectrun 


of x-ray colored KCl1(Ag) crystals. After bleaching of the absorber by exposure 
to sunlight, the E peak disappears, while the F peak reappears. The reappearance 
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Table l 


Changes in the x-ray absorption spectrum of KCl crystals as a result 
of the action of different agencies 


Agency or factor __ 
Bote & 
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Note: '+" - the given local level is evinced in the absorption spectrum; 


Liu? 


- the given level is not evinced in the absorption spectrum. 


Table 2 of the F peak is obviously due to break-up of the 

Ultraviolet absorption of F centers, i.e., to freeing of the electrons from 
roentgenized KC1(Ag) crystals the F levels. Subsequent heating of the absorber 
to 200° leads to disappearance of yet another peak 


Le ea ae ee the C peak; nevertheless, after such heating the 

FeO 5 Ne a | Found ex— i 

<e Cale. from perineal, initial picture observed for a weakly irradiated 

Sp oa =e —— crystal is not re-established. 

oe ate © Ref. Oo Ref. 10 Fig.5 shows the K absorption spectra of a 
aoe pure weakly irradiated KCl crystal and a KCl crys- 

C 5686160 5500 5500 tal subjected to heavy roentgenization. It will 

A 4289+100 4300 4350 b A : 4 

a Pee BOG Ber De seen that a heavy dose of x-irradiation results 

F 9756450 2880 9855 in appreciable increase in the number of local im- 

E Sees oe 2400 perfection levels that are evinced in the K absorp 

ae —e 


tion spectrum. Subsequent heating of the irradi- 
ated KCl absorber to 200° leads to complete re- 
establishment of the absorption curve observed for 
a weakly irradiated KCl crystal, i.e., to the disappearance of all absorption 
peaks associated with transitions of the K electrons to local defect levels. In 
the case of absence of impurities,heating of a heavily irradiated crystal leads 
to complete elimination of the results of x-irradiation. 

We also investigated the effect of other agencies and factors on the x-ray 
absorption spectrum of KCl crystals. The results of these investigations are sum 
marized in Table 1. It will be evident from the table that changes in the system 
of local imperfection levels occurring under the influence of different agencies 
are evinced in the K absorption spectrum of potassium in KCl. 

Let us now compare our results with the experimental data on ultraviolet ab- 
sorption of roentgenized KC1(Ag) crystals. Knowing the relative positions of the 
last filled band and the local levels, we calculated the wavelength of the ultra- 
violet absorption bands corresponding to transitions from the edge of the filled 
band to the local levels. The wavelengths of the ultraviolet absorption bands of 
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KC1(Ag) calculated on the basis of our x-ray spectroscopic data are juxtaposed 
with the wavelength values determined experimentally by other investigators? ,10 
in Table 2. The agreement is generally satisfactory. 

Our work with heavily irradiated KCl crystals opens an approach to solving 
the very important question of the effect of our "research tool", i.e., x-rays, 
on the investigated specimen (crystal). 
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INVESTIGATION OF THE L-SERIES OF GERMANIUM. INFLUENCE OF IMPURITIES 
- G.P.Borovikova & M. I. Korsunskii 


Transitions of matter into different physical and chemical states are accom- 
panied by certain specific changes in the state of its atomic electrons. These 
changes must obviously be evinced in the structure of the x-ray spectrum. Of 
greatest interest are the spectrum lines corresponding to transitions of valence 
electrons, the energy states of which are subject to the greatest alterations in- 
cident to transition of the material from one state to another. In earlier con- 
tributions!-3, we reported that in investigating the L emission spectrum of metal 
lic germanium, we detected the Lfg and L75 lines associated with the LyyyNy; and 
Ly; transitions, respectively. It was found that the LBg and L75 lines are 
very sensitive to changes in the physical and chemical state of the material. In 
particular, we noted a substantial change in the appearance of the spectrum as a 
result of prolonged work with one and the same sample (we studied the spectral 
regions in the vicinity of the 1d) 2 & LBg and LB, & LY. lines). To determine 
the reason for the change in the spectrum of metallic germanium under the influ- 
ence of prolonged irradiation incident to fluorescence analysis, we also studied 
the emission spectrum of germanium dioxide, GeO9. Comparison of the spectra 
showed that the spectrum of metallic Ge changed as though the surface of the 
sample was gradually oxidized in the process of excitation. 

In order to bring out in greater detail the changes in the spectrum that 
take place in going from metallic germanium to Ge09, we made an attempt to resolv 
the complex microphotometric curves into components and thus elucidate the change 
in the contours of the individual lines (La, 9, LB,, LB, and Ly,). 

In processing the microphotograms, we first Biaueed the blackening curves 
S= f(t). Then, using these curves, we converted the blackening curves to true 
intensity curves point by point. Finally, we resolved the complex contours of 
the resultant lines into components and scaled off the values of interest. In 
carrying out the resolution we assumed that the Lay 2) LB.; LB, and Lys lines are 
symmetrical and have the classical dispersion shape, i.e., that the intensity 
distribution near the center of the line is characterized by 


I 
(a a a) 


one) 


cael ; 


The above assumption is not rigorously justified, and hence the resolution 
procedure is admittedly an approximate one. In practice the complex contour of 
the microphotometric curve resolves into LQ, 2 & LBg and L6, & LY, components 
with small remainders on the long wavelength side of the LQ 2 ee LB, lines and 
on the short wavelength side of the L8g and LY, lines. The result oraane resolu- 
tion is illustrated in Fig.l. The solid line is the curve obtained on the micro- 
photometer; the dashed line is the converted true intensity curve. It is impos- 
sible to resolve the complex curve into components without remainders. So far 
we have not been able to determine the reason for these "residual peaks". It 
should be noted, however, that if our assumption regarding the classical disper- 
sion shape of the lines is correct, these "residual peaks" may be interpreted as 
satellites; if the assumption is incorrect, the presence of the remainders ma 
be taken as an indication that the lines are asymmetrical. 

In Table 1 we list the values of the line half-widths at the center of the 
intensity maxima for the same specimen of metallic germanium: I) fresh sample 
II) after 1 month work with the Sample and III) after 6 months work, and for 


purposes of comparison, the corresponding values for GeO (Iv) 
- Th : 
of the half-width values does not exceed 4-5%. : SRC e ee 


| 
| 
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It will be evident 
from Table 1 that the 
lines in question broad- 
en with time (irradia- 
tion), but even after 
6 months work are nar- 
rower than the lines of 
GeOo. Where the wave- 
lengths of the lines are 
concerned, we observed 
a very clear effect, 
namely, shifting of the 
lines. The line posi- 
tions in all cases were 
determined with refer- 
ence to the Kd and 


Fig.1. Contours of the LQ] ,2 and LB) lines in the lines of Mn in the fifth 
spectrum of metallic germanium. Heavy solid line order and also with re- 
- photometric curve; dashed line - curve converted ference to the Kai, and 
from blackenings to true intensities. (Magnifica- Ko of Cu in the seventh 
tion 8 X). order. The separations 


between the Lo, 5 & 16), 
La & LB, and LB, & LY, lines are listed in Table 2; the wavelengths of the 
oi De 6 1 
lines in X units are given in Table 3. 


Table 1 Table 2 
L line half-widths (ev) Line separations (ev) 
Sample] a1. Be Bi | Ys Sample | o.,2—Ps X1,2—Re Bi-Ys % 
I 2,30 | 4,60 1,84 3,68 i 30 250 9,0 
II 2,30 | 4,60 1,84 3,68 II 30 6,4 5,9) 
111 2,76 | 5,50 2,40 4,60 Ill 30 7,8 7,4 
IV 3 ee 9,90 3,68 ale lV 30 8,3 8,3 
Table 3 Table 4 
L line wavelengths (X) Relative line intensities (%) 
_ ) nae ee pb adds fe ore abie contaaeder a areas 
Sample Ais2 | Be Bi | Ys Sample B 6/152 B1/%12 Y5/O1,2 
2 ee ee Se 
I |10408| 10365 | 10146 | 10103 ; 186 45 95 
II | 10408} 10352 10146 10096 Il 178 46 68 
Il |10412| 10344 | 10150 | 10087 il 140 48 55 
IV |10415| 10343 40155 10083 IV 90 60 48 


The wavelengths were determined from the microphotograms taking into account 


the displacement of the intensity peak incident to resolution. The linear dis- 


persion in the given range of reflection angles was 32 X/mm; the energy disper- 
sion 3.68 ev/mm. The wavelength values given in Table 3 are mean values based on 
seven photographs. In calculating the wavelengths, we introduced appropriate cor- 


3 rections for deviation from the Wolf-Bragg law. The temperature correction was 
evaluated to be less than 0.1 X and hence was disregarded. The error in deter- 


: 


——w- 
7 


mining wavelengths is estimated to be ~2 X. 
It will be seen from Tables 2 & 3 that in going from metallic germanium to 


GeOo the LQ) 2 and Lp lines are displaced to the long wavelength side, while the 


: LBg and L75 lines are shifted in the opposite direction. It will be noted, how- 
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ever, that the separation between the Lay 92 and Lp, lines remains constant (30 '¢ 
We evaluated the integral intensity I for all the lines by means of the dis 
persion formula (1). Inasmuch as this formula is symmetrical with respect to 4, 


we have 


i= 2\ Te do = 2a, \ —.; = abine (2) 


As an indication of the intensity of the lines under consideration, in Tabl 
4 we have listed the relative intensities Bg/O, 9, B1/Q,,2 and 75/2 for all 
four samples. 

We did not evaluate the relative intensity of the "residual peaks". It wil 
be evident from Table 4 that in going from metallic germanium to GeO» the intens 
ty ratios B6/Qy 2 and 15/24 g decrease substantially inasmuch as the integral in 
tensity of the LBg and LY, lines decreases in going from Ge to Ge0o. 

We also carried out a comparison of the spectra of germanium from different 
points on the surface of a germanium single crystal rectifier. Specifically, we 
investigated the spectra from the side surface and the end face of the rectifier 
(different crystallographic directions and different impurity concentrations). 
The microphotometric curve of the spectrum from the side surface is shown in Fig 


Table 5 Table 6 
Line half-widths (ev) Line separations (ev) _ 
Rectifi np 
surface | ** | & | & |v Rectifier lea, sob Br, 
Side surface] 2,80|5,5)2,3] 4,6 Side surface] 30 | 7,8 | 7,3 
Bee cme leh o kt Salas End face 30 | 9,6 | 913 


Fig.2. Microphotometer trace of the La ,2 and LG, lines in the germanium rectif 
er spectrum from the side surface (magnification 4 X). 


— =. ™ * 
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Fig.3. Microphotometer trace of the LQ) 


g and LB, lines in the germanium recti- 


fier spectrum from the end face (magnification 4 X). 


Table 7 
L line wavelengths (X) 


B1 | Ys 


Sen X12 


Be 
I 10408 |10333] 10146 10069 
II 10408 |10316| 10146 10056 
Ill 10408 |10320} 10146 10059 
Table 8 
Separation between lines (ev) 
Sample y,2—Bi | ay 2—PBe Byi—Ys 
I 30 (i ,0 
Il 30 9,6 9,5 
Ill 30 9,2 9,3 
Table 9 
Line half-widths (ev) 
Sample} a1,2 Bs | Bi | %s 
I 2,8 5,0 2,4 4,7 
Il Sel 7,4 352 6,3 
Hie 3,72 6,5 a2 5,5 
Table 10 
Relative line intensities (%) 
Sample Tg, /Tos2 Tp, /Tas,2 Iy,/ Loss 
_ dt Me eieaeaall See eee 
I 110 48 35 
Il 105 is] 34 
Ill 96 55 34 


to the short wavelength side. 


the curve for the spectrum from the end face in 
Fig.3. It will be evident that the two spectra 
differ appreciably. The results of resolution 
of the spectra are given in Tables 5 and 6. 

The wavelengths of the La, 5 and Lp, lines 
from all the rectifier surfaces’were the same; 
also the separation between them remained con- 
stant at 30 ev. On the other hand, the L6g and 
LY5 lines in the spectrum from the end face are 
greatly shifted to the short wavelength side rela- 
tive to their positions in the spectrum from the 
side surface (Table 6). 

In order to elucidate the reason for so great 
a change between the germanium rectifier spectra, 
we investigated the influence of minor impurities 
on the shape and position of the Lf, and L75 lines. 
For these investigations V.E,Lashkarev at the In- 
stitute of Semiconductors of the Ukrainian SSR 
Academy of Sciences prepared and made available 
to us special samples of highly purified germani- 
um doped with known amounts of iron. Specifically, 
we recorded the spectra of the following samples: 
pure germanium (I), germanium with 0.002 atomic 
percent iron (II) and germanium with 0.05 atomic 
percent iron (III). The results of these experi- 
ments are summarized in Tables 7-10. 

The crystallographic directions in the speci- 
mens were not determined. We can draw the follow- 
ing deductions from the tabulated data: 

1. The presence of even a minor amount of 
impurity (0.002 atomic percent Fe) has a pronounced 
effect on the shape and wavelength of the L series 
lines. The effect of the impurity consists in 
broadening of the 2? LBg, LB and Ly, lines 
and strong displacement of the LBg and LY5 lines 


2. Increase of the Fe impurity concentration to 0.05 atomic percent does 
‘not lead to any further appreciable alteration of the spectrun. 
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3. Impurities (in the indicated range) have no noticeable effect on the 
relative integral intensities of the L lines under consideration. 


"vy. I. Lenin" Khar'kov Polytechnic Institute 
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X-RAY SPECTROSCOPIC INVESTIGATION OF COMPOUNDS WITH THE PEROVSKITE STRUCTURE 
- A.T. Shuvaev 


The present investigation was concerned with the K series fluorescence spec- 
tra of metallic titanium and Ti in CaTi0., SrTi0,, BaTi0., PbTiO, and Ti,0., (Fig. 
1). The spectra were photographed in the second order of reflection from he 
(1010) plane on a DRS curved (R = 500 mm) quartz crystal spectrograph. The fluo- 
rescence emission was excited by the radiation from a chromiun plated copper anode 
at 35 kv and 30 ma. The exposure time was 20-30 hours. The resolution of the 
spectrograph is about 4000. 

We determined the integral intensity ratios of the Ti 
KBs & KB, and Kp" & KBs lines for all the compounds.* The 
integral intensity ratios were determined in the following 
manner. In photographing the spectra the lower half of the 
KB, line was weakened by a known factor by means of an alu- 
minum foil absorber mounted over the film. The foil thick- 
ness was chosen so that the densities of the unweakened 
KBs and the weakened KB, lines would be approximately equal. 
In this case, the ratio of the areas under the line contours 
multiplied by the weakening factor gives the integral inten- 
sity ratio. The weakening factor was determined from the 
known mass absorption coefficient of aluminum and the super- 
ficial density of the foil. The values of the intensity 
ratio Ix, / 1k, for the investigated compounds are listed in 
the accompanying table. All values are averages based on 
two or three spectrograms. The relative uncertainty is 
Fig.1. KB" and KB, estimated to be 10-15%. 
lines of titanium The KB5 line in the spectra of transition elements of 
in the spectra of the iron group appears as a result of p electron transitions 
different compounds. from the valence band to the K level; the integral intensity 

of the line is a measure of the number of p electrons per 
atom in the valence band. In the case of elements following the transition ones, 
this line is designated KB, and is associated with similar transitions from the 

valence band (for Z < 36) or from the 4p level (for Z > 36). 

Inasmuch as there are no published data on the Z-dependence of the integral 
intensity ratio Tizg, , /1Ko,, we undertook a special investigation to determine this 
Z-dependence for elements with atomic numbers from 22 to 47 in the solid state. 
The experimental results are shown in Fig.2.** 

The spectra were photographed both on a DRS long wavelength and a KRS short 
wavelength spectrograph (the KRS is also a bent quartz crystal instrument with 
the reflection from the (1010) planes). The integral intensity ratios were de- 
termined in the same way as for titanium. The Z-dependence of the number 1), of 
electrons on the 4plevel in free atoms is also shown in Fig.2. As will be evi- 
dent from the figure, the relative intensity of the KBs 2 lines in the region of 
filling of the 4p shell increases rapidly and then becomes constant when the 
shell is filled. Assuming the integral intensity of KBs 9 to be proportional to 
the number of p electrons and the maximum intensity level to correspond to six 

*In the present article we shall not discuss the fine structure of the Ti 
Kp" and KB, lines. 

**The first point on the curve is calculated on the basis of the data of 

Parratt & Jossem! for K in KCl. Im the Z = 22 to 34 region, we investigated 
pure elements; for Z > 36, we used both pure elements and compounds. 
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Integral intensity ratios of Ti lines 
and numbers of p electrons retained by Lrg, of Mg 
the Ti ion in different compounds 


7 
0,16 « e 
a a = 
CG Oa B1248 
Substance oe ee ca cs 4 
os pote a 00813 
Ti 0,022 | 0,9 | 0 0 0.04 ; 
GaTiOss. 00,023 late |) 0, 650n0,022 
SrTiO; | 0,042 | 1,7 | 0,48 ; 0,020 
BaTiO; | 0,034 | 41,4 | 0,44 | 0,044 18 22 26 30 34 38 42 46 80 
PbTiO, | 0,038 | 1,5 | 0,38 | 0,015 ' 
TizOs | 0,047 | 1,9 | 0,20 | 0,009 Fig.2. Variation of the integral intens: 


ty ratio /x, //x,, (solid curve) and th: 
number of 4pelectrons in free atoms (da: 
ed line) with atomic number. 


electrons, we can determine from the solid curve in Fig.2 the number n, of elec- 
trons per atom in the valence band for elements in the solid state (for Z = 18 t 
35). As follows from the data obtained in this manner, in the region of atomic 
numbers from 35 to 31 the number n., decreases abruptly. This is explained by hy’ 
bridization of the electrons in the solid and transfer of part of the p electron; 
to the d and other states. For values of Z from 19 to 30, in contrast to free 
atoms, n.# 0, owing to transfer of part of the 3d and 4s electrons to the p sta 
in the process of hybridization. For example, as will be evident from Fig.2, po: 
tassium in KCl retains about 0.3 of its p electrons. It is of interest to compa: 
this result with the data obtained by other methods. The charge of the potasaaa 
ion in KCl determined from the dipole moment of the KCl molecule (8:1071 cgse 
units) and the separation between the centers of the ions (2.79 A) (Ref.2) equal: 
0.6e, where ec is the electron charge. Szigeti3 calculated the ionic charge in 
crystalline KCl from the dielectric constant and obtained a value of 0.8e. Thus: 
the K atom in KCl retains on the average from 0.2 to 0.4 valence electrons, whicl 
is in good agreement with the results obtained in the present work, if we assume 
the fraction of s states in the valence band to be negligible. 

As may be seen in the accompanying table, the number of p electrons per Ti 
ion in compounds is on the average twice that in the metal, i.e., the distributic 
of electrons over states changes substantially with changes in the character of 
the chemical bond. Among the investigated titanium compounds BaTi0g and PbTiO 
are characterized by the lowest number of p electrons and apparently the highest 
charge of the Ti ions. The Ti ion has the largest number of p electrons in Tig0. 
which is natural, inasmuch as trivalent Ti ions may be expected to retain a large 
number of valence electrons than tetravalent ions. 

To determine the fraction of covalent bonding in titanates, one must know 
the total number of s, p and d valence electrons held by the Ti ion. The number « 
Ti p electrons in BaTi03, according to the tabulated data, is 1.4. Unfortunatel: 
one cannot determine the number of s and d electrons from the K spectra of titan: 
um. However, if we assume that the electron distribution in the valence band of 
like Ti and Zr compounds for example, BaTi03 and BaZr03) is the same, we can make 
an approximate estimate of the number of d electrons from the L spectrum of Zr. 

In order to do this we determined the intensity ratios /, /qI,, and Jy /Iz 
for Zr in ae and pee the Z-dependences of these ratios acceded ae to the dat: 
of Jonsson™ and Hicks” (Fig.3). Both these intensity ratios for Zr in BaZr03 
prove to be equal to 0.015. 


The LBg line is associated with transitions of d symmetry electrons with 
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Thy, j] = 5/2 to the Liyy level;* the Ly, line corresponds 

Ijq, to transitions of delectrons with j = 3/2 to the 

O12 Ly; level. The numbers corresponding to the inten- 
sity ratios given in Fig.3 are 0.43 d electrons 

with j= 5/2 and 0.56 ( electrons with j;= 3/2. The 
008 total number of qd electrons is therefore close to 
1. Thus, we can infer that the total number of P 
and qd electrons held by Ti in BaTi03 is 2.4 (the 
total number of valence electrons being 4), i.e., 
the charge of the Ti ion does not exceed 1.6 and 
the fraction of covalent bonding in the Ti—0O bonds 
is not less than 60%. It is interesting to note 
that in the theoretical calculation of the internal 
40 68 56 62 70 78 Z field in BaTi0g carried out by Venevtsev et al§, to 

obtain agreement with experiment it proved necessary 
Fig.3. I - variation of the to assume that the charges of all the ions are 2.3 
integral intensity ratio times smaller than their valences. However, inasmuch 
reel ine (solid curve) and as the electronegativity of the Ba atom is appreci- 
number of 4pelectrons with ably lower than that of the Ti atom (0.9 and 1.6, re- 
j = 5/2 in free atoms (dash- spectively”), the ionic charge of barium must be de- 
ed line) with Z; II - same creased to a lesser extent than that of titanium. 
for EE og and 7; = 3/2. In this case, the charge of the Ti ion in BaTi0g3 is 

less than 1.8 which is in good agreement with the 

data (1.6) obtained in the present investigation. It also follows from this com- 
parison that the fraction of s states in the valence band is insignificant and 
that the probable distribution of electrons in the valence band of Ti in BaTi0g 
is the following: qd electrons ~l1, s electrons ~0, and p electrons ~1.4. 

Thus BaTi03 and PbTi03 differ from the other titanates by a greater charge, 
and, consequently, a smaller radius of the Ti ion, which assures the Ti ion great- 
er freedom for displacement in the Ti—0O octahedron, in addition to the freedom 
due to the large lattice parameters of these compounds. The constant displacements 
of the Ti ions, which are responsible for ferroelectricity in BaTi0g and PbTi0g, 
are apparently due to the presence of strong covalent bonds. It follows from the 
above that a consistent theory of ferroelectricity in compounds with the perovskite 
structure can be constructed only taking into account the mixed character of the 
chemical bonding. 

We also measured the intensity ratios of the Ti KB" satellite to the Ti KB5 
line for the investigated compounds. The values of this ratio are also listed in 


0,04 


the table. Noteworthy is the marked decrease (by a factor of about 2) in the in- 


tensity of this satellite in going from tetravalent to trivalent titanium com- 
pounds. This effect was also observed by Vainshtein® for other titanium compounds. 


-Blokhin? observed a similar change in the intensity of the kp" satellite in going 


from hexavalent Cr compounds to trivalent ones. These observations suggest that 


the intensity of the KB" satellite is a function of the valence. The effects can 
be explained if, following Vainshteinl9, we assume that the Kp" satellite in the 


spectra of cations of transition metals in compounds appears as a result of cross 
transitions from valence levels of the anions to the K level of the cation. With 


_ decreasing valence of the cation the number of valence electrons involved in the 


—s: * 


*Transitions of d electrons with ; = 3/2 to the Lyyzqz level are also allowed 
by the selection rules, but the probability of such transitions is an order of 
magnitude lower than the transition probability for electrons with 7 = 5/2. This 
follows from analysis of x-ray spectrum line intensities. 


- 554 - 


bond is reduced and, consequently, the number of electrons on the valence level 
of the anions decreases, which, in turn, leads to decrease in the intensity of 


the Kp" satellite. 


Rostov State University 
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STRUCTURE OF THE ELECTRON ENERGY SPECTRUM IN IRON-CHROMIUM ALLOYS 
- N.D.Borisov, V.V.Nemoshkalenko & A.M.Fefer 


The Q@=*5 phase transition in Fe-Cr alloys is of exceptional interest inas~ 
much as it is accompanied by radical changes in the structure of the crystal lat- 
tice and a number of physical properties. It may be assumed that such substanti- 
al changes in structure and properties are associated with changes in the energy 
states of the electrons of the alloy components. Investigation of the changes in 
the fine structure of the x-ray lines, connected with transition of electrons from 
external energy bands to the K level, can yield information regarding the nature 
of the § phase, the mechanism of the aQ-»§ transition and the changes in physical 
properties of the Fe-Cr alloys associated therewith. In the present work we 
studied the fine structure of the KBs emission bands of chromium and iron in Fe- 
Cr alloys. 


According to present day concepts, the KBs line is the last emission line 


associated with transition of electrons from the "outermost" band, formed by 


overlapping of the d,s and p states and the partially filled conduction band, 
to the K level. In metals of the transition group the KBs band has a sharply 
asymmetrical shape and is characterized by a steep decrease in intensity of the 
high-frequency branch. Inasmuch as the electron distribution over the K level 
is symmetrical, the shape of the KBs band of the metal will obviously be deter- 
mined only by the shape of the distribution function for the occupied states in 
the conduction band. 

Kazantsev!»2 investigated the KB x-ray lines of chromium and iron and the K 
absorption spectrum of chromium in the q@ and 8 phases of an Fe-Cr alloy contain- 
ing 52.38% Fe; however, the low dispersion of the spectrograph employed by Kazan- 
tsev precluded unambiguous interpretation of the experimental results. The pur- 
pose of the present work was to determine the characteristic changes in the elec- 
tron energy spectrum of chromium and iron incident to going over to the alloy and 
also in the transition along the temperature axis of the Fe-Cr alloy diagram from 
the @ to the 8 phase. 

Our samples were electrolytic chromium and iron of high purity and Fe-Cr al- 
loys containing 34, 45 and 55% Cr (here and below all percentages are by weight) 
prepared of the high purity metals. The samples were subjected to diffusion an- 
nealing for 50 hours at 1150°. Transformation of the alloys from the @ to the § 
phase was realized by isothermal annealing at 650° for 150 hours. The samples 
were annealed in argon-filled sealed quartz tubes. The samples of the alloy con- 
taining 45% Cr after annealing at 650° became completely nonmagnetic, very brittle 
and hard. The samples in the form of 3 mm thick plates were mounted on the pri- 


mary target of the x-ray tube. The experimental procedure was similar to that 


described earlier. 3 
We recorded the KB lines in a wide range of sample temperatures; the lines 


of pure iron were recorded in the fourth order of reflection; those of pure chro- 


se Dee bh ie 


mium and the alloy samples 


Table 1 in both the @ and 6 phases 
Wave numbers of the Cr and Fe KBs band peaks in the third order. In pro- 
cessing the microphotomet- 
V/R of peal ric curves, we took into 
Material Bs account the data of Ref.3. 
i The frequencies of the KBs 
hee ; band peaks for the pure 
tal 440 ,960-L0 , 003 523 ,580-L0 ,003 
a ors ( Y, &) 4407 92020' 003 | 523 ,584+0,003 metals and alloys are list- 
Fe-Cr alloys (6) 440 ,927--0 ,004 523 590-40 , 004 ed in Table l. 


- 556 - 


The microphotometric 


/ curves of the KBs lines 
| of pure chromium and ironi 
recorded at 1000° are re- 

| produced in Figs.1 & 2. 

It will be evident from 

the curves that only in 

K the case of Cr is the 

a KBs band free of the Kp" 
satellite and discernible 
in pure form. In the casi 
of iron the Kp" satellite 

is clearly superimposed 

i on the short wavelength 

branch of the KBs band; 


consequently, to determin 
the shape, width and in- 
Fig.l. Microphotometric curve of the KB, line of pure tensity of the KBs band w 
Cr recorded at 1000°. must subtract the satel- 
lite component. Table 2 
lists the summary data on 
Ty, Tg and Thay (T) is thi 
width of the short wave- 
length branch and To the 
width of the long wave- 
length branch - see Ref. 
Agi 3) of the KBs bands of 
chromium and iron recorde 
in a wide temperature rani 
for both the pure metals 
and Fe-Cr alloys in the 
¥, @ and 8 phases. It 
Fig.2. Microphotometric curve of the KBs line of pure will be evident from the 
Fe recorded at 1000°. data that the width of th 
KBs band of chromium in- 
creases with increasing temperature, while the width of the band in the iron spe 
trum goes through a maximum in the region of 850-900°, The width of the KBs ban 
of chromium and iron in Fe-Cr alloys in the spectra recorded at 1000° attains a 
maximum value for chromium and a minimum value for iron in the range of middle 
concentrations. The transition along the composition axis from the y to the @ 
solid solution in the case of iron is characterized by a sharp break in the Tyax 
vs component concentration curve. The width of the KBs bands of chromium and 
iron obtained for solutions in the § phase are appreciably greater for iron and 
lower for chromiun, 

Table 3 lists the summary data on the Fermi energy and the energy of the 
bottom of the 3d bands of pure chromium and iron atoms and Fe-Cr alloys in the 
7, Q@ and & phases. In calculating these energies we assumed the following value 
for the energies of the K level: 441.10 v/ R for chromium and 523.77 v/R for iron 
The values of Ty and To - the short wavelength and long wavelength branches of 
the KB5 bands (Table oy - were corrected for additional broadening of the band 
due to the finite width of the K level (a) and oblique incidence of the x-rays 


Bemiege ut? eu sbalS film (6). The values of these corrections are listed in 
Table 4. 


Ag, 
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: Table 2 
Calculated data on the width of the KB, bands of Cr and Fe as functions 


of the sample temperature 


Fe Cr 
; Lempera-— 
Material ture Je: Ty T2 T max Ty T2 Tmax 
1200 1,8 OSV 10,6 
1000 1,8 10,8 10,7 
Iron 850 1,8 11,0 10,9 
650 1,8 10,1 10,0 
300 1,8 10,4 10 0 
Alloys 
Ne 1 (4% Cr 1000 1,9 9,9 99 — — — 
Ne 2 (5,8 % Cr 1000 1,8 9,9 9,8 — — — 
Ne 3 (8 % Cr) 1000 1,9 10,6 10,6 — -- — 
Ne 4 (20 % Cr) 1000 1,9 LOZ TOR, -- -= — 
Ne 5 (30 % Cr) 1000 1,9 hil oi — _ — 
Ne 6 (35 % Cr) 1000 ics 9,5 9,4 1,9 1055 10,6 
650 1,9 10,0 10,0 ‘le 10,0 10,0 
Ne 7 (45 % Cr) 1000 1,8 9,4 9,3 1,8 10,6 10,6 
} 650 1,8 9,9 9,8 1,9 1052 LORS 
Ne 8 (50 % Cr) 1000 159 9.3 9,3 1,8 10,2 10,2 
Ne 9 (55 % Cr) 1000 1,8 9,7 9,6 1,9 10,4 10,9 
650 aie) 9,9 9,9 1,8 10,0 10,0 
Ne 10 (75 % Cr) 1000 Aes 105.9 10,4 aL ts) 9,4 9,4 
1200 AT 9,0 8,9 
: 1000 A dl 8,9 8,8 
Chromium 800 17 | 8.5 874 
600 al 8,9 8,4 
Table 3 


Calculated data on the Fermi energy and the energy of the bottom of 


the 3d band (in Rydbergs) of Cr and Fe atoms 
v/R 3d Fe W/R 3d Or 
: , Fhase 
Material Pere Poco len cae > i or E 
ture, °c sition “Fermi : Fermi D 
4200 Y 0,97 
1000 Y 0,98 
Iron 850 0,188 0,99 
650 oP 0,93 
300 ap 0,93 
Alloys 
M14 (4% Cr) 0,94 = 
M 2 (5,8 % Cr) Y 0,94 = 
N 3 (8 % Cr) 0,96 = 
4 Ne 4 (20 % Cr) 0,93 = 
N 5 (30 % Cr) 4000 0,186 0,90 0,180 = 
Ne 6 (35 % Cr) 0,88 0,95 
7 N 7 (45 % Cr) a 0,87 0,97 
= Ne 8 (50 % Cr) 0,87 0,93 
: Ne 9 (55 % Cr) 0,90 0,94 
N10 (75 % Cr) 0,95 0,86 
4 N: 6 (35 % Cr) a+ 6 0,94 0,94 
: N 7 (45 % Cr) 650 § 0,180 0,90 0,173 0,92 
So No 9 (55 % Cr) + 0,90 0,90 
: 1200 Doles 
5 Chromium ae ot 0,140 | 9'%6 
: 600 0,76 
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Table 4 The following deductions can be drawn from 
the data of Table 3. The energy of the bottom of 
the conduction band of pure chromium increases 
gradually with increasing temperature; in the case 
ps lone of iron there is a sharp break to the side of high 
er energies in the region of 850°. The Fermi ener 
by of pure chromium and iron remains constant in 
8 the temperature range from 600 to 1200° and is 
09 0.140 v/R for chromium and 0.188 v/R for iron. The 
- Fermi energy in Fe-Cr alloys in the @ phase equals 
0.183 + 0.003 v/R; for. the alloys in the 6 phase 
the Fermi energy equals 0.176 + 0.004 v/R and does 
not depend on the component concentration. 

A diagram of the energy bands of chromium and 
iron in Fe-Cr alloys, based on the data of Table 
3, is reproduced in Fig.3. It will be seen from 
the diagram that in the range of middle concentra- 
tions of Fe-Cr alloys in the @ phase the curve 
characterizing the variation of the bottom of the 
3d bands of Cr and Fe as a function of the compon- 
ent concentration passes through a minimum for iro: 
and a maximum for chromium (as regards absolute 
value of the energy); in the region of the 7 phase 
there is a sharp break in the curve for iron. Fe- 
Cr alloys in the @ phase, containing approximately) 
25 and 65% Cr, respectively, have a common conduc-: 
tion zone with the "outer" electrons of the chrom-. 
ium and iron atoms fully "collectivized". 


Corrections for additional 
broadening of the KBs band 


Correc— 


tion,ev | Chromium; Iron 


| 

| 
1,7 

b 0,13 
1,83 
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Fig.3. Overlapping of the It will also be evident from the diagram that. 
energy bands of Cr and Fe in the conduction band of Fe-Cr alloys in the @ 
in Fe-Cr alloys. phase and containing from 30 to 75% Cr the "outer" 


chromium and iron electrons are only partially col. 
lectivized; part of the electrons with low kinetic energies belong only to the 
chromium atoms (alloys containing from 30 to 65% Cr) or the iron atoms (alloys 
containing from 65 to 75% Cr). In the range of middle concentrations, Fe-Cr al-- 
loys in the 6 phase have a common conduction band occupied by fully communal 
"outer" electrons. 


X-ray Spectroscopic Laboratory, 
Institute of Metal Physics, 
Academy of Sciences of the Ukrainian SSR 
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K ABSORPTION SPECTRA OF CHROMIUM IN BORIDES, CARBIDES, NITRIDES AND 
OTHER COMPOUNDS 
- $.A.Nemnonov & A.Z.Men'shikov 


In view of their interesting combination of physical properties - high melt- 
ing point, great hardness and brittleness and good electric conductivity - many 
solid compounds of high melting metals are finding increasing applications in 
technology. Their distinctive crystal structures, the complexity of their elec- 
tronic structure and the character of the interatomic bonds lend interest to these 
compounds as subjects of investigation. 

Despite the large number of studies, which are reviewed in the monographs 
listed as Refs.1 & 2, the nature of atomic interaction in interstitial phases re- 
mains far from clear. Recently there have been undertaken attempts to resolve 
this question by the method of x-ray spectroscopy3-°5 - one of the most direct pro- 
cedures for investigating the electronic structure of solids. 

The purpose of the present work was to investigate the character of the in- 
teraction between the atoms of a metal of the transition group with nonmetals in 
the first row of the periodic table, namely B, C, N and O. The idea of continuous 
variation of the type of bonds from metallic (in the case of compounds with beryl- 
lium), through covalent (in the case of carbides) to ionic (in the case of oxides) 
was advanced by one of the writers® and Erlich’ and subsequently developed in the 
work of Samsonov®, 

For the present investigation we took chromium as the transition group metal 
and investigated the x-ray spectra of CrB, CrBo, CrgCo, Cr7C3, CroN, CrN and Crg03 
as well as chemically pure CrCl. and Cro(SO,4) 3- The borides and carbides were 
prepared in the Metal-Ceramics and Special Alloy Institute of the Ukrainian SSR 
Academy of Sciences. The nitrides were prepared by saturation of chromium in a 
stream of ammonia? ; the Cro03 was prepared by oxidation of electrolytic chromium 
at 1000° in air. 

We recorded the K absorption edges of chromium on a Johann focusing spectro- 
graph in the first order of reflection from the (1340) planes of a quartz crystal. 
The reference lines were the Fe KQ) and Mn KQy lines. The dispersion of the in- 
strument was 2.5 X/mm; the x-ray tube was operated at 12-13 kv and 45-50 ma. The 
exposure time was 35-40 hours. Absorption spectra with the highest contrast were 
obtained with an absorber thickness of 5-6 mg/cm2. At least three spectrograms 
were recorded for each substance. 

The magnetic susceptibility of all the samples was measured for us by P.G. 
Rudomanov at the Laboratory of Magnetic Structural Analysis of the Physics of 
Metals Institute (USSR Acad. of Sci.) on a magnetic balance with a field of 8600 
oersted and at 17°. The standard in these measurements was Mohr's salt (ferrous 
ammonium sulfate). 

The spectra of chromium in the region of the principal K absorption edge in 


the investigated compounds and metallic chromium are shown in the accompanying 


figure; the energy values are laid off from an arbitrary zero. 

According to Beeman & Friedmanl9, the initial region of the K absorption 
spectra of transition metals with unfilled 3d shells (in particular 3d54s1 for 
chromium) is due to transitions of 1s electrons into the unoccupied part of the 


common 3d-4s band with an admixture of 4p states. Recently the method of iso- 
_ chromates developed by Nilsson1l1l has made it possible to distinguish a separate 
peak (hstructure) on the long wavelength side of the K excitation curve; this 
peak is associated with transitions to 3d states. 


The upper curve in the figure gives the variation of the absorption coef- 


ficient in the region of the principal K edge of electrolytic chromium. It will 


oe le li, ee 
: 


H/p 


Principal absorption edge of 
Cr in compounds and the metal. 
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be evident that the initial absorption region 
does not have the usual are tangent shape but 
exhibits an inflection or hump at the point c.*8 
By analogy with the K excitation curves obtained | 
by the method of isochromates of the character- 
istic spectrum, this fluctuation can also be at- 
tributed to transitions to the 3d states of 
chromiun. 

Thus the initial absorption region in pure 
chromium is due to transitions of K electrons to: 
the 3d and 4s bands and thus reflect transitions: 
to the states which undergo changes that depend 
on the character of the chemical bonds. Since 
the coefficient of true absorption depends on 
the density of unoccupied states and the transi- 
tion probability to these states, i.e., J(H)~ 
~ P(E) n(E), these two factors will obviously 
effect the intensity of initial absorption. 

The experimental curves in the figure are arrange 
in order, so that the end curves are for sub- 
stances with different types of bonds, namely, 
chromium with metallic bonds at the top and 
Cro(S04)3 with ionic bonds at the bottom. It is 
evident from the curves that in pure chromium the 
initial absorption as regards intensity is equal 
to about half the total absorption discontinuity, 
whereas in the case of Cro(SO4)3 the initial ab- 
sorption is virtually nil; yet the energy positic 
of the absorption peak A remains constant. In 
the last compound the chromium is trivalent; con- 
sequently, the quasiatomic 3d and 4s levels are 
largely unoccupied. However, as a result of weak 


interaction between neighboring chromium ions in the Cro (S04) 3 crystal, there is 
little or no overlapping of the 3d-4s bands with the 4p band. As a result, the 
transition probability for K electrons to the 3d and 4s states is sharply reducec 
which is evinced in the disappearance of the initial absorption region in the 
spectrum of this compound. This example illustrates the strong influence of 
transition probabilities on the intensity of the initial absorption. 

Turning now to the next three compounds (Crcel3, Cro03, CrN), we note that 
the fine structure of the principal K absorption edge of chromium becomes richer 
in detail. The initial absorption becomes evident in the chloride, more intense 
in the oxide and still more intense in the nitride. The crystal etrvetire of the 
compounds in this group is characterized by octahedral atomic coordination Ac- 
cording to Kimball12, here there should obtain d’sp? hybridization of the wave 
functions. Obviously, as a result of such hybridization of the ds functions 
with the p functions, the probability of K electron transitions to the 3d and 


4s states is enhanced. 


An interesting feature of the K absorption s 
pectra of chromium in the giv 
compounds ~ a feature which we believe has been brought out for the first ae 
in the present study - is the presence of fine structure in the initial absorp- 
tion region (in the figure the inflections or humps and dips in the initial 


*Unfortunately, the scale chosen for the fi 
: gure does not all 
this feature more clearly in this and the following curves. Te 
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Magnetic susceptibility of 


absorption region are denoted by c and m). Simi- 
chromium compounds 


lar to these compounds as regards the character 
of the absorption spectrum is the diboride (CrBo) , 


q 


xe «108, 


Pn sc Electron, which has a somewhat different atomic coordina- 
cae configuration tion. In this compound the Cr atom is located 

A ae ee inside a hexahedral prism with boron atoms at the 
Cra(SO4)s | 28,0 dsp? AE 
CrCls 24,8 d’sp* The magnetic susceptibility values listed 
ae ira d*sp in the accompanying table show that the suscepti- 
CrBs 9,0 insane bility decreases in the series Cro (S04) 3, CrClz, 
CrsCs oe d‘sp or dp Cro03, CrN and CrBp from 28-10-6 for the first 
CrsCe 3°8 dtsp or ae to 9-:10-6 CGSM units for the last, which is, ap- 
CraN at ey OURELP, parently, indicative of decrease in the number 


of uncompensated electron spins in the 3d shell . 
of the Cr atom. The regular variation in the 
intensity of the initial absorption and the mag- 

netic susceptibility data give reason to infer that in this series of compounds, 
in addition to ionic bonds, there is an increasing covalent bonding component. 

The second group of compounds (Cr3Co, CrB, Cr7C, and CroN) has a larger 
initial K absorption region, equal to approximately 25-30% of the whole absorp- 
tion jump, and a magnetic susceptibility of the order of 5-6-10-6 CGSM units, 
which is appreciably lower than the susceptibility of the first series of com- 
pounds. Analysis of the crystal structures shows the presence in the given com- 
pounds of a more or less distorted prismatic atomic coordination for which, ac- 
cording to Kimbali12, there should obtain qd‘sp or dp hybridization of the wave 
functions. 

If we assume the presence of only covalent bonds, the given compounds should 
be diamagnetic or weakly magnetic, and the initial region of the K absorption 
spectra of Cr in these compounds should be either small or non-existent. Neither 
is true in our case. Consequently, the character of the bonds in these compounds 
is complex and, in our opinion, consistent with the concept of a resonating co- 
‘valent bond developed by Pauling!3, In this group of compounds, when almost all 
the 3d electron orbits (d‘sp or dp) participate in the hybridization, there oc- 
curs, on the one hand, a decrease in the number of unoccupied states and, on the 
other hand, an appreciable increase in the number of d states with p character. 
The last factor leads to disappearance of the fine structure in the initial ab- 
sorption region, observed in the absorption curves for the first group of com- 
pounds. 

Scrutinizing the K absorption spectra of chromium in the metallic state and 
in its compounds with B, C, N, O and Cl, we note that the point b remains at the 
same energy value regardless of the type of compound. The fluctuations in the 
‘absorption coefficient curves identified by the points d and e (the nature of 
which we shall not examine here) exhibit variations both in the frequency scale 
and in the intensity scale. The midpoint of the absorption discontinuity - the 


“point ¢ = (=). - shifts consistently to the high frequency side with increase 
in the ionic chacacter of the bonds in the compounds. 

In the absorption spectra of all the investigated compounds, except Crcls, 
Cr203 and Crg(SO 3) there is evinced a pronounced fine structure of the edge 
(Kronig fine structure) extending some 150-200 ev to the short wavelength side 
(6-7 fluctuations). 


— ~ _ 
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DETERMINATION OF THE RADIAL ELECTRON DENSITY FROM THE FINE STRUCTURE 
OF X-RAY ABSORPTION SPECTRA 


- V.A.Trapeznikov 


Fluctuations of the absorption coefficient observed on the high-frequency 
Side of the x-ray absorption edge may be compared with each other as regards in- 
tensity on the basis of Kostarev's theoryl as follows: 


pene eee ms 
PK! Ay 4— Aj : 


here 9, and 9, are the amplitudes of fluctuation of the absorption coefficient 
for the wave numbers i” and k’, and A; and A; are the amplitudes of the per- 
turbing potential of the atomic layer surrounding the absorbing atom; these, 
according to Kostarev!, for the j-th layer are given by 


2Mz .a f 


Ax; oe. j AC ies B;) 
none V (B24442)(812 + 42) 
here mis the atomic mass, z; is the number of atoms in the j layer, h is Planck's 
constant, a; and §; are parameters of the exponential function V = «e—*r, which 
describes the potential of the ions surrounding the absorbing atom, and therefore 
characterize the radial electron density. The presence of two B's (B' and B") 
Signifies a difference in the variation of the potential to one side of the ab- 
sorbing atom and in the opposite direction. ®6' and fp" differ as regards sign, 
but do not differ appreciably as regards magnitude. Here we shall assume that 
they are equal in magnitude, which simplifies (2). 
Let us consider the temperature dependence of the ratio 9/9, (for k" >k’) 
due to the variation of the parameters « and 8 with temperature. 
The temperature dependence of the absorption has been considered by the 
writer in Ref.3 on the basis of the temperature variant of Kostarev's theory; 
in this work we investigated the form of the 9,:/9, vs T curve by introducing 
into Eq.(2) a temperature factor S and a factor containing the characteristic 


(2) 


' temperature @ (which was assumed to be dependent on T). In the framework of the 


temperature variant of the Kostarev theory there is obtained increase of oe with 
ie 
/ Onn \ 


increase of [7 (“ (se) 50) cave the particular case of the second variant in Ref. 
d 


3), whereas experiment4~7 showed that this amplitude ratio should decrease. The 
assumption made in Ref.3 regarding the T dependence of @ makes possible the case 
Ope 


4 
when <0, which is in agreement with experiment. But for this, as ap- 
dT 


proximate calculations® showed, one must assume a large variation of 6 with Me 
perature; for example, for iron @ must decrease from 430 to 260 in going from 20 
to 800°. This led us to examine another possibility for explaining the tempera- 
ture dependence of Pn PK» namely, in terms of the temperature dependence of a 


and B. To this end we take their mean values, obtained from the average over 


time of the electron density distribution in the given layer in the presence of 
thermal motion of the atoms of this layer. 


*We are restricting our consideration to one layer, inasmuch as, according 
to Kostarev®, consideration of only the first layer is sufficient for explaining 
the fine structure (the other layers are responsible for the hyperfine structure). 
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We find the temperature dependence of Pn" f Px by differentiating 


Px" ee 
d =o eee 
| oo a Pe / dB 


ie a TT ee 
We find the relation between « and 


for which we must express o in terms of B. 


8 from the expression for the atomic factor (see Zhdanov? for a definition of 
this factor): rr 
ase \ U (x) er. dr; (3) 
0 
A 8 7\8), 4 
here U(r)=4nr’p is the radial electron density, p= — eg (2mmeV)' is the mean charge: 
density at some point in the volume and —— where $ is the angle of re- 


flection and X is the wavelength of the scattered radiation. Inserting these 
quantities in (3), we obtain 


co 3 3 
== er /2 
if = as re 2 sinyrdr= oe . (3a) 
0 G +5") 
re 3 
whe 39 ne (2mea) lo 16n 
y= moe and Cg = Cy ye < 

e 27a, /2 


Let us expand the right part of (3a) in a series in powers of B and uy; to 
this end let us express o« in terms of B so that the first term in the series will! 
become unity and the factor in front of the series will be independent of B and 
the angle and will be equal to the atomic number Z, inasmuch as for a zero re- 
flection angle {= Z. For this it is necessary that «= c(?. Substituting in 
(3a), we obtain 


ja aft Bae meen eee 
wherein 2920 (2mec) 


Z= 3473 


whence c=c(Z) is a constant for the material. 
On the other hand, the expression for the atomic factor taking into account 
the temperature can be written 


sin =i 


if aie Sn (4) 


where § = 8r°u?, uw being the root mean square displacement of the atom in thermal 
sin $\9 

motion. Making the approximation stad A iF which is allowable for small Z 

and large 3, we obtain the following expression for the atomic-temperature factor 


sin 9 )° 


fr =Ze —a+m)( oN (4a) 


? 


where A does not depend on the temperature and is a constant for the given materi 
al. Expanding (4a) into a series, we obtain ; 


2 (A + B) /sin 9\2_ | (A +B)? /sin9\4 A + B)™ /sin 9\2n 
at 1! ie: hevimenl Groene aes tees], (4b) 


(1956). 
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Comparing (3b) and (4b), we see that A+B~ 1/82, i.e., that uw increases 
with decrease of B which is indicative of diffusion of the electron density (flat- 
ter rise of the exponential with decrease of 8B) with increase in the amplitude of 


the th =: us ge 
e ermal vibrations, i.e., een and ap < 0. 
Inserting «=c$* in (2), and (2) into (1) and then differentiating (1) with 


respect to T, after some simplifying assumptions that do not affect the sign, we 
obtain 


Orn 
( Pp 192 m2z? c®g7 (k"2 — k’2) d3 
dT “Wk! AP, (82 + 4k’2)? (B2 + 4k"2) (1—A,2)2 dT ° (5) 


d (Pym / Px) 


d 
As will be seen, ae has the same sign as 7; 


and, as follows from all 


known experimental data4-7 the sign of the latter is minus. The value of ae 
obtained from the nonuniform attenuation of the fine structure of x-ray absorp- 
tion spectra with temperature as well as from variation of the atomic-temperature 
factor with temperature (through w) allows of establishing a correlation between 
the results of x-ray spectroscopic and x-ray diffraction studies. 

It may be inferred from the experimental 9,./9, vs T curves that where the 
slope of the curve is steeper, there is a greater decrease of B with temperature 
and, accordingly, a greater increase of u, which is indicative of a greater de- 
crease of the bond strength with temperature. Thus we propose a new method which 
allows of judging of the variation in the amplitude of thermal vibrations and 
finding the mean value of the radial electron density by determining the para- 
meter B from experimental x-ray spectroscopic data on the fine structure of the 
absorption edge. 

I desire to express my gratitude to V.I,Iveronova and A.N.Orlov for their 
interest in the work and valuable suggestions. 


Institute of the Physics of Metals, 
Academy of Sciences of the USSR 
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COLLECTIVE INTERACTION OF ELECTRONS IN CRYSTALS AND ITS MANIFESTATION 


IN THE X-RAY ABSORPTION SPECTRA OF ATOMS IN POLAR CRYSTALS 
~ R.L.Barinskii & E.E.Vainshtein 


In earlier contributions!-3 we noted a number of regularities in the struc- 
ture of the x-ray absorption spectra of atoms in polar crystals, from which we 
inferred that there exist in these spectra two series of absorption lines de- 
scribed by hydrogen-like formulas. These regularities cannot be explained on the 
basis of the "quasiatomic"” theory of x-ray absorption by individual ions. Inade- 
quate, too, for explanation is the so-called one-electron theory which does not 
take into account interaction between electrons in crystals. To explain these 
effects it proved necessary to consider the excited states of the system of elec- 
trons belonging to the entire crystal.1 

The concept of such excited exciton states of the crystal was first intro- 
duced by Ya.I.Frenkel'. In recent years there have been attempts to create a 
rigorous exciton theory in the framework of the so-called many-electron theory4-8 
taking into account the interaction between electrons in solids. Even in the 
first studies, devoted to a general consideration of excited electron states in 
pure atomic semiconductors and ionic crystals, it was shown that the collective 
character of the interelectronic interaction in these systems leads to two types 
of excitation in crystals; one a currentless exciton excitation pertaining to the! 
crystal as a whole, and the other associated with current flow in the crystal and! 
equivalent to the appearance of conduction electrons and holes. Excluding from 
consideration the process of charge transport in the crystal and taking into ac- 
count weakly excited states of the system, Vonsovskii & Kushnirenko® showed that 
"quantum states'' of interacting electrons of a semiconductor can be interpreted 
as a conjunction of separate “elementary excitations" or "quasiparticles" (exci- 
tations obeying Bose statistics) and that the original Frenkel' theory followed 
as a particular case from the deduced relationships if one neglects exchange ef- 
fects and makes certain simplifying assumptions relative to the energy of the in- 
dividual "elementary excitations’. In their treatment, Vonsovskii & Kushnirenko 
emphasize the approximate character of their theory and indicate the necessity of! 
taking into account in its more rigorous variant of ‘internal excitations of the 
ionic cores, which may be intimately related with the polarizability of the ions 
in real crystals." 

The first direct experimental evidence in favor of the possibility of repre-: 
senting excited collective states of interacting electrons in a crystal lattice 
in the form of "quasiparticles" (excitons), having the properties of an atomic 
system, were obtained in the work of Gross and his colleagues? and were subse- 
quently substianted by other authors. In investigating the optical absorption 
spectra of a number of crystals (Cug0, CdS and HgIg) in the region of low tempera: 
tures Gross & Zakharchenya succeeded in detecting a number of narrow lines near 
the absorption limit. In Cug0 at liquid nitrogen temperature they even observed 
two series of absorption lines: one in the yellow part of the spectrum and the 
other in the green. It was found that in all cases the frequencies of these ab- 
sorption lines, except the first (the furthest from the absorption limit), satis- 
ty the series regularities for hydrogen-like atoms. Moreover, the similarity of 

quasiparticle" systems to hydrogen-like systems is so great that for exciton 
line spectra one can observe the Stark effect and ionization of the exciton by ant 
electric field, as well as Zeeman splitting and diamagnetic shift of the "centers 
of gravity" of the components of the split exciton lines in magnetic fields. Thi 
shift in the exciton spectrum is already observed for the line with n= 3 where 
as in the atomic spectrum of sodium, for example, a noticeable shift is evineee 
only for the lines with n>20. This is attributable to the fact that the radius 
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of an optical exciton is much greater than the radius of the corresponding atomic 
orbit in hydrogen. According to the data of Gross & Zakharchenya?, the radius of 
the exciton orbit with n= 5 is of the order of 200 A. The same order of magni- 


tude (~ 280 A) is obtained in calculating the radius of an optical exciton by 
Mott's formulal9®, 


pee? (1) 


where « is the dielectric constant of the medium, which for ionic crystals equals 
the square of the index of refraction, wt is the effective reduced exciton mass: 


1 
Mey coal 


—— 


pei a (vy; and p, are the effective masses of an electron and hole), 7 is the 


principal quantum number of the given excitation level in a hydrogen-like "quasi- 
particle”, e¢ is the electron charge and #=/h/2r. 

The relatively high value of the dielectric constant of cuprous oxide 10) 
is the reason for the large radius of the optical excitons in Cu90 crystals and 
facilitates observation of the Stark* and Zeeman splittings of the exciton absorp- 
tion lines in the spectra of Cuj0 and similar substances; a consequence of the 
large dielectric constant is appreciable decrease in the extent of the exciton 
absorption line series in the crystal as compared with the extent in the corre- 
sponding hydrogen-like atom. The extent or energy span AE of the exciton line 
series in the crystal absorption spectrum (i.e., the distance between the first 
line and the series limit) is given by the formula’ 

sE=4(£)5, (2) 
in which R = 109 678 em), mis the electron mass in vacuum and the other nota- 
tion is the same as before. As Gross and his colleague? have shown, the Rydberg 
constant in the exciton spectrum of Cuj0 is actually two orders of magnitude 
@140 times) smaller than in the spectrum of the hydrogen atom, AE 0.3 ev, 
while the values /m for the lines of the "yellow" and "green" series differ and 
vary in the range from 0.28 to 0.5. 

Aside from the results of spectroscopic experiments, which find a logical 
explanation on the assumption of the exciton character of electron excitation in 
crystals, recently these concepts have found repeated substantiation in investi- 
gations of photoconduction!1-13 and the external photoeffectsl4,15, 

The possibility that there may exist exciton line series in the x-ray ab- 
sorption spectra of atoms in solids was first pointed out by Cauchois & Mott1§, 
Experimental proof that such series do exist was furnished in the work of the 
present authors!-3 and Trischkal7. The matter was again examined in the work of 
Parratt & Josseml8,19 and Muto & Okuno29 (the last utilized the one-electron ap- 
proximation for investigating the process of x-ray absorption by Kt and Cl” ions 
in crystalline KCl). Parratt and Jossem succeeded in showing fairly convincingly 
that by taking into account the exciton excitation mechanism in KCl one can re- 
concile the experimentally observed narrow (~1 ev) KB, emission line of Cl with 
the predictions of theory regarding the appreciable width (~4.4 ev) of the 
band of Cl~ in KCl and that this leads to the hypothesis of different degrees of 
participation of the 3p electrons of Cl located at different levels above the 

*As was shown by Taluts & Shulyat'ev®, many electron interactions in the 
crystal leads to decrease of the order of the Stark effect as compared with the 
effect in noninteracting atoms. 
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pottom of the 3p band of Cl~ in formation of the KBj and KBg emission lines. 
This is an undoubted contribution to the theory of x-ray emission spectra , al- 
though these authors in a later contribution!9 consider, on equal footing with 
the above mentioned mechanism, another explanation which they term the narrow 
band viewpoint". Much less convincing and in fact questionable are the deduc- 
tions of these authors relating to the fine structure of x-ray absorption spectra 
Proceeding from an arbitrary assumption regarding the value of the dielectric con. 
stant € for the x-ray exciton and postulating that the continuous absorption linm- 
its in the optical x-ray spectra must coincide, these authors were unable to over 
come the ensuing difficulties and arrive at a logical, noncontradictory view. 
Moreover, the scheme proposed by them is incapable of explaining the experimental. 
ly observed!-3 regularities in the fine structure of the x-ray absorption spectra 
of the components of alkali halide crystals. 

In the macroscopic variant of the exciton theory the collective character of 
excitation of the crystal in the process of absorption of radiation by one of its 
atoms is taken into account by introducing the dielectric constant ¢ of the ma- 
terial into the basic formulas. It is obvious that the values of € must be dif- 
ferent in the two excited (exciton) states of the crystal arising as a result of 
absorption by its atoms of x-radiation and ultraviolet radiation. In the latter 
case, in considering the radius of action of optical excitons and the extent of 
the associated ultraviolet absorption line series in the spectrum of KCl one can 
(as is shown by the experiments of Gross and others) obtain satisfactory agree- 
ment with experimental data using the values of € measured at high radiofrequen- 
cies. At the same time, the appreciably greater inertia of the medium with re- 
spect to x-ray absorption (shorter lifetime of the K state) and the lower mobili- 
ty of vacancies in the 1s level as compared with the mobility in the 3p valence 
band of the crystal (formed incident to ultraviolet absorption by the crystal) 
make this value of € inapplicable for describing the properties of the x-ray ex- 
citon. Experimental evaluation of the dielectric constant shows that for the x- 
ray exciton it may be assumed to be close to unity.* Thus combining expressions 
(1) and (2), we can obtain the formulas 


52. * 


“x-ray Apia (3) 

and 
(4) _ AEn?*2? 4 
eee aie ikl (4) 


By means of these, on the basis of the experimental data and the assumption that 
radius of action of the x-ray exciton is limited to the region of the immediate 

*This is in contrast to the investigations of Parratt & Jossem18,19 ana 
Muto & Okuno20 wherein in considering the x-ray exciton in KCl the values of ¢ 
were arbitrarily taken in the range from 1.5 to 2.13. It is not impossible that 
in the future, as our understanding of the mechanism of interaction of x-rays 
with crystals develops, it may become necessary to take into account differences 
in the values of ¢« for the absorption spectra of different components of ionic | 
crystals. At the present stage of development of the theory, differences in the 
conditions of absorption of x-rays by different ions are taken into account by | 
considering two series of exciton absorption lines to be present in the experi- 
mental atomic absorption spectra; these are calculated on the assumption that 
the mean value of € in both cases is equal to unity. 


° 


**Here AE is in ev and r, in A. 
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Fig.1. X-ray and optical ex- 
citons in crystalline KCl: 
a) at left - KB) 5 emission 
line of Cl corresponding to 
the filled 3p band of C17 in 
KCl; at right - the two line 
series of the x-ray exciton 
(one series is hatched) and 
the continuum (double hatch- 
ing); b) energy diagram: at 
left - position of the filled 
3p band of Cl~, at right - 
position of the two line 
series of the x-ray exciton 
(heavy and light lines) and 
the series limit (double 
hatching); c) filled 3p band 
of Cl™ and excitation levels 
of the ultraviolet exciton; 
d) ultraviolet absorption 
spectrum of KCl crystal. Be- 
low - positions of the first 
line (A, and Ag) and the 
series limits (K, and Kg) of 


each of the excitons. 
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surroundings of the atom*, we can evaluate both im- 
portant parameters characterizing the properties 
of the x-ray exciton in a crystal. 

In the specific case of the x-ray absorption 
spectra of K and Cl in KC1** evaluation by means 
of (3) and (4) leads to }/m~0.5 and a value of ¢€ 
close to unity. It is interesting to note that 
(in contrast to ¢«) the effective reduced masses 
of the x-ray and optical exciton prove to be close 
in value. 

Using the above values of € and p/m charac- 
terizing the properties of the x-ray exciton in a 
crystal, and the experimental results of Refs.1 & 
17 on the K absorption spectra of K and Cl in KCl, 
we can calculate the energy spectrum of the x-ray 
exciton in the crystal and compare it with the 
spectrum of the optical exciton and the data on 
ultraviolet absorption in KCl. To take into ac- 
count the internal excitation of the ionic cores 
and their polarization under the influence of the 
neighboring ions the calculation of the system of 
levels of the x-ray exciton was carried out by 
means of the earlier described method! based on 
hydrogen-like formulas*™ which include the effect- 
ive values of the principal quantum number 7n*, 
Bearing in mind the relatively small radius of 
action of the x-ray exciton (hundreds of times 
smaller than the radius of the optical exciton) 
and the almost adiabatic character of x-ray absorp- 
tion (great inertia of the medium corresponding 
to the condition € ~1), this method of taking in- 
to account the internal excitation of ionic cores 
in the crystal in the process of absorption of x- 
radiation may be regarded as fully justified and 
convenient in practice. The energy spectrum of 
the x-ray exciton obtained as the result of calcu- 
lation of the K absorption spectra of K and Cl in 
Kc1,1 the experimental data on the K emission 
spectra of KCl and the data on the ultraviolet ab- 
sorption spectra of this crystal are given in 
Fig.l. 

The appearance in the K absorption spectra of 
K and Cl in KCl of two line series associated with 


*This assumption regarding the limited range of the x-ray exciton is con- 
sistent with that made earlier by Von Hippel#!. 


#*k 1~T,+ = 1.33 A and AE = 5.3 ev. 


*k*kKAS was shown by Moskalenko®, the many-electron character of the problem may 


‘result in some displacement of the ground level of the exciton as a result of which 


it may deviate somewhat from the hydrogen-like series. The effect has actually 
been observed.2 According to Moskalenko8 , however, analysis of the formula giving 
the correction in the energy of the first level shows that in the case of the x- 


c 
a 


—- ~~ 


| ray exciton this correction is appreciably smaller than in optics. 
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the x-ray exciton is completely analogous to what is ob- 
served in the case of the ultraviolet spectra of Cuy0. The 
KB, .5 emission line of Cl in KCl is due to electron transi-) 
tions from the 3p band of Cl™ to the K level of the Cl atom 
The width of the Cl” 3p band is 4.4 ev; the separation be- 
tween peaks is 2.2 ev. The locations of these peaks are 
indicated by dashed lines in Fig.l. The electrons filling 
the 3p band of Cl~ in the crystal can participate not only 
in the formation of x-ray emission lines but also under fa-. 
vorable conditions in the ultraviolet absorption, in the 
course of which they are transferred to optical excitation 
levels of the crystal. This case is schematically illustra- 
ted in Fig.l1,c. Calculations of the extent of the line 
series of the optical electron in KCl were carried out by 
Fig.2. Ultraviolet means of Eq.(2), taking € = 2.13 and p/m = 0.7. As might 
absorption spectra have been expected, the value of AE in the case of the opti- 
of RbBr (a) and cal exciton proves to be 2 ev, i.e., approximately three 
CsBr (b) crystals times smaller than the corresponding value for the x-ray 

at room temperature. exciton. 

As follows from comparison of the results of calcula- 
tion based on the diagram of Fig.l1,c with the wavelengths of the ultraviolet ab- 
sorption peaks (Ay and Ag) in KCl (1620 and 1310 A), their appearance in the spec 
trum may be associated with electron transitions from different parts of the fil- 
led 3p band of Cl~ to the same optical excitation level in the crystal. This in- 
terpretation of the structure of these spectra differs substantially from the 
views of Mottl9° and enables us to explain very simply the regularities observed 
in the ultraviolet spectra of alkali halide crystals, the interpretation of whick 
according to Mott is difficult. If we accept the scheme pictured in Fig.l,c we 
find nothing puzzling in the high degree of invariance of the separation between. 
the first two absorption peaks in the ultraviolet spectra of different crystals 
of this group (~300 A) and the closeness of this separation to the distance be- 
tween the KB, and KBy lines (~2 ev), the relatively small difference between the 
peak intensities, and, finally, the splitting of the second absorption maximum 
observed22 in the ultraviolet spectra of some alkali halide crystals (Fig.2). 

Identifying the second absorption peak with the exciton series limit, Mott 
thereby attributes to the latter the same interdoublet separation as is observed 
for the first terms of the series (~0.5 ev). This is in conflict with the known 
facts, for in doublet spectra the separation between doublets usually decreases 
rapidly in approaching the series limit. In view of the appreciable line width 
in the case under consideration, no splitting of the series limit should be ob- 
served. As for the position of the continuous absorption limit in the ultravio- 
let spectrum of KCl, as has already been noted above, for the first series of 
excited levels (Fig.1,d) the limit (Kj) is actually close to the second selective 
ets ia emma at a oc of ~2 ev from the A, line. As follows from 
x-ray se rien Re ia _ <cueee Ca ee ee ee 
from the filled>dp band of Cl-. An ansloagua altuctioasnae mee yaehee nae 
Ge epee ere a eee ake analogous Bo CURE OG has been observed where 
to calculate the wavelength pruners tabmaniiaaenscscmis cok Se 

gths of the ultraviolet absorption peaks in KCl on the 
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*In general, however, the first levels of the x-ra 
oe and opt 
need not necessarily coincide. ‘ ptical excitons 


Sie 


assumption that the energy gap between the excited s and p symmetry levels in 
the crystal is small and that therefore these peaks overlap. 

The wavelengths calculated! in this manner proved to be in satisfactory 
agreement with the experimental values. The validity of comparing the x-ray 


and optical spectra of crystals is also upheld by the results of Narbutt & 
Smirnova23, 
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ON STRESSES OF THE THIRD KIND 
- D.Batsur', V.I.Iveronova, & G.P.Revkevich 


Back in the 1930's N.N.Davidenkov in considering the structure of plasticall! 
deformed metals introduced the concept of "stresses' or distortions of the third 
kind. The molecular picture of such distortions was based on the cohesion con- 
cepts of Dehlinger. During the same period there appeared the investigations of 
Mark & Hengstenberg, Brindley & Spears and others in which it was shown that the 
intensities of the interference lines in the x-ray diffraction patterns of a 
plastically deformed metal are weakened according to the law 


f= Lye—2 sin? 9 /A?_ (1) 


The model following from the concepts of Dehlinger and explaining the reason! 
for this weakening in intensity was bsed on analogy with the influence of the 
thermal motion and hence was called the "frozen thermal motion model". 

Towards the end of the 1940's it appeared to be firmly established that plas: 
tic deformation in all cases results in stresses of the third kind. There appear! 
ed a number of studies in which the magnitude of these stresses, as determined 
from the intensity ratio of different diffraction pattern lines, was related with 
the mechanical characteristics of the metal. It appeared that the next step woul! 
amount merely to determining the quantitative relationship between hardening and 
the magnitude of stresses of the third kind, depending on the form and conditions: 
of deformation. 

Shortly thereafter, however, there appeared a number of investigations at 
sharp variance with the earlier results. These studies can be divided into two 
groups. The first groupl-5 comprises studies in which weakening of the interfer-: 
ences as a result of plastic deformation of the material is negated. In some 
later work, however, this effect is again affirmed. The second group comprises 
investigations in which the authors admit the existence of a decrease in intensit 
of the interferences but either deny any correlation between hardening and stres- 
ses of the third kind or attempt to establish a more complex law governing the 
weakening as a function of the stresses of the third kind8-10, 

Inasmuch as different investigators worked with different materials and thei 
deductions are discordant and since in many cases there was no complete analysis 
of the variations in intensity of all the lines as a result of plastic deforma- 
tion, we deemed it expedient to return to this problem. The line intensities in 
the diffraction patterns may vary incident to plastic deformation of the specimen 
as a result of a number of factors, namely, 1) formation of texture, 2) fragmen- 
tation of the crystals, which leads to the decrease of the extinction coefficient 
and, consequently, to enhancement of the first lines, 3) appearance of stresses 
of the third kind or distortions in the lattice associated with displacement of 
the atoms from the equilibrium position, which leads to weakening of the lines 
the weakening increasing with the order of reflection, and finally, 4) imperfecs 
tions in packing of the lamellae, produced by deformation, i.e., "strain faults". 

The dislocation density in a plastically deformed metal is greater than in 
an annealed one. One can hypothesize two extreme models for the structure of a 
plastically deformed metal: 

1) All dislocations are concentrated at the block boundaries. This leads 
to decrease in the size of the coherent blocks and increase in the mosaicity 
faeae and, consequently, to increase in the intensity of the first diffraction 

ines. 

2) The dislocations are distributed chaotically inside the mosaic blocks 
In this case the atoms in the crystal will be displaced from their equilibrium 
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positions (stresses of the third kind). 


Inasmuch as slip has a crystallographic character (Burger's vector must be 
oriented in the slip direction), one might assume that the root mean square pro- 
jections of the atomic displacements on the normal to the reflection plane will 
be different and that the line weakening due to such displacements will depend 
on the reflection indices. Simple calculations show, however, that for cubic 
crystals with a large number of glide directions no such dependence obtains in 
most cases. 

One can imagine two models: 1) slipping in a given crystal occurs along 
Many planes and directions (this case may be realized in the deformation of a 
powder) and 2) there is a preferred orientation of the Burger's vector in a giv- 
en crystal. In the first case evaluation gives weakening of the line intensity 
according to the law of Eq.(1), where q@ does not depend on the reflection indices 
(inasmuch as the rms displacements are averaged over all slip directions). In 
the second case it is found that in general the weakening factor cannot be writ- 
ten in the form (1) and that the weakening depends on the reflection indices, 
although, as before, for reflection from one and the same plane the weakening 
increases with increasing order of reflection. In practice, however, this dif- 
ference probably cannot be detected since it lies within the limits of the ex- 
perimental error. 

The principal component of the atomic displacement from the equilibrium 
position coincides in direction with the Burger's vector. If the indices of the 
slip direction are denoted by p,q and -, and the indices of the reflecting plane 


by (—h,k and 1), the rms displacement perpendicular to the slip plane is propor- 
tional to 


a rt eae es 
ee ee the ta yeee (1") 


If in a coherently scattering block there is a set of dislocations with 
Burger's vectors oriented in all possible slip directions the displacement must 
be averaged over all these directions: 


a 


uel ee nate) 
at "n° poet? @ 


where the summation is carried out over all terms obtained by permutation of the 
indices p,g and ,, taken with both signs. Here P is a factor characterizing the 
recurrence of the slip directions, and C is a proportionality factor that depends 
on the magnitude of the displacement at the center of the dislocation, the rate 
of decrease of the displacement in moving away from the center of the dislocation 
and the number of dislocations. Transforming (2'), we obtain 


qeo-tipte +) eo 


i.e., we find that the rms displacement does not depend on the indices of the re- 
-flecting plane and that law (1) is valid. 

é In evaluating the intensity for the second model (displacements in only one 
direction in each coherent block) one must average not the rms displacements, but 
the reflection intensity from different planes differently oriented relative to 
the slip direction but contributing to the same Debye ring. In this case the in- 
tensity of any given line is described by 


I Boy sin? $ 
0 +2 
Tit sa) e ; 
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') for the given slip direction and different h,k 
nd indices; P' is the reflecting 
ity at the ring for a specimen with 


where a, is determined from (1 
and J, obtained by permutation of the signs a 
plane recurrence factor and I, is the intens 
no static displacements. ; 
In general, the change in intensity is different from different Debye rings 
sin? 9 
and increases with the order of reflection; if, however, we assume that 2a; —> 


is so small that one can neglect second order terms in the expansion, we will ob- 
viously have 


Dil oF 4 


where do is a calculated from Eq.(2') in which the summation is carried out 


P’ 


over terms obtained by permutation of the indices h,k and 1, and P' is the recur- 
rence factor for a {hkl} plane. As a result we again obtain an exponent given by 
(3') and not depending on the reflection indices. 

Finally, the presence of strain faults can lead to changes in intensity de- 
pending in a more complicated manner on the order of reflection. 

In the present work we studied the influence of plastic deformation and sub- 
sequent annealing on pure copper, electrolytic nickel and a copper-tin alloy 
(4.35 atomic percent Sn). Since our primary purpose was to determine whether 
stresses of the third kind were present, we worked with powder specimens (this 
eliminates the influence of texture). 

The intensity measurements were carried out on a URS-S5SOI diffractometer 
using Cu Ka radiation monochromatized by reflection from a pentaerythritol crys- 
tal. Before and after each intensity measurement, we measured the scattering 
intensity of a standard sample in order to allow for drift of the counter and 
associated components and to be able to compare the results of measurements made. 
at different times. The standard was a sample of pure tungsten. The measure- 
ments were made with a wide slit with the counting rate being recorded at succes- 
sive points. Appropriate corrections were made for the dead time of the counter) 
which was determined for each counter by the two x-ray source technique. The re- 
producibility of the results with 7-8 fold measurement of each line was 2%.11 
We measured the intensity of the lines with the sum of the squares of the indices 
equal to 3,4,8,11,12 and 16 for all samples. The intensity of the (311) and (22: 
lines was measured jointly since the overlapping of their tails precludes separ- 
ate measurement. The intensities of the (331) and (420) lines were not measured 
owing to the angular limitation of the URS-50I equipment. 

We paid particular attention to measuring the line background. The back- 
ground for each line was measured over a large range of angles (up to 10°). The: 
point by point measurements to each side of the line were extended to where the 
counting rate became constant. Thus the intensity of the tails was included in 
the line intensity. The intensity measurements for copper "powder" were carried| 
out on several series of specimens prepared by filing in different ways (by hand) 
and by means of a special machine; at room temperature and at liquid nitrogen 
temperature). After filing and preparation, the specimens were stored in liquid | 
nitrogen, except for a few which were purposely aged at room temperature for an 
appreciable time. The average size of the filing chips after screening was abou: 
30 . The nickel powder was prepared by grinding in a ball mill. | 

The principal results for copper are given in Fig.l. As will be evident 
from an examination of the curves, during the initial period the intensity of 
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/T 


ann.2 hr at 600° 


<-Fig.1. Variation of the line intensity of 
deformed copper with the annealing tempera- 
ture and time. The crosses represent data 
for samples the Debye patterns for which 
were measured either immediately after fil- 
ing or after filing and subsequent annealing; 
the squares represent intensity data measured 
a month after preparation of the specimen. 


all the lines (including the (111) line) increas- 
es. Then the intensity of the first lines slowly 


ae decreases and beginning with annealing tempera- 
ae 
ea! 


tures above 500°, the intensity of all lines falls 
off. This regularity was consistently obtained 
for several series of samples differing as regards 
heat treatment. It should be noted that increase 
in the intensity of the (111) line cannot always 
be detected; whether a noticeable increase is evi- 
dent depends on the conditions of preparation and 
storage of the specimen. On the other hand, in- 
crease in the intensity of the (200) line is al- 
ways observed. For analysis of the influence of 


28 plastic deformation on the line intensity we plot- 
"02' 10’ 2°3” 5” 8” 40" 29” 600°2h ted the curves for 
——————_— SS 


400°C Te sin? $ 
In —— ( ) 
ib x) 


(2) 
where Je is the experimental intensity value and /, is the theoretical value cal- 
culated according to the kinematic theory without taking extinction and distor- 

_tions of the third kind into account. 

y ~* The experimental points must obviously lie on theoretical curves computed 

‘taking extinction into account. In the absence of stresses of the third kind, 
these should be curves allowing for both primary and secondary extinction. In 
the calculations to allow for primary extinction, we used Ekstein'sl2 formula 


df Ne 
me) 25s APY (3) 
and Lang's3 formula for secondary extinction 
Te e Te 2 ee ky : 
ote | == 1h Sly anion (4) 


finally, in the presence of secondary extinction and distortions of the third 


kind, we can write : 
Je. 4 la Zof? ky oe 2asin2a/r? * 
tr ae T sin2 9 


(5) 


where g, is the primary extinction coefficient, g. is the secondary extinction 
coefficient, 9 is the Bragg angle, and 


*Strictly speaking, in Eq. (5) in the right part instead of ;f, one should 
write ; «im, however, in view of the fact that for small reflection angles 
pasin's) is small,while for large angles, f, is small, Eq, (5) may be taken as a 
P good approximation. 
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__ 4 + cos? 2a cos* 20 
i cos? acoso 


wherein a is the reflection angle of the monochromator crystal. 

In comparing the experimental data with the theoretical curves one should 
bear in mind the following: 

1. The shape of the curves (2) depends substantially on the form of fr (the 
theoretical atomic scattering function). Incorrect choice of j/> may seriously 
distort analysis of the results. In plotting the (2) curves, we used the /, 
curves calculated according Hartree for copper and according to Brindley-Spears 
for nickel. In all cases we introduced the appropriate dispersion correction!4, 
In our earlier contributionl!5 we showed that such f, curves give best agreement 
with experiment. 

Choice of the /, curves for the alloy is complicated, first, by the fact 
that we do not know the precise characteristic temperature of the alloy and, 
second, by the possible presence of static displacements as a result of forma- 
tion of a solid solution. In choosing the curve for the alloy we were guided 
by the following considerations: a) that there should be no stresses of the thir 
kind in samples annealed at high temperatures and b) that the experimental curve 
(2) must lie on one of the theoretical curves obtained taking extinction into ac 
count. 

2. The intensity values determined experimentally are not the absolute val- 
ues but relative values since there may be extinction in any standard specimen 
and hence conversion to absolute values must necessarily be somewhat inaccurate. 
The presence of a common factor in the measured intensity values does not alter 
the shape of the curves but can only result in their being displaced vertically 
as a whole. However, if the curve for a given specimen coincides with one of 
the theoretical curves this means that the position of the other two curves for 
all specimens measured with respect to the given standard specimen is fixed. In) 
asmuch as the last lines of the diffraction patterns are not greatly weakened by\ 
extinction, the coincidence of a whole group of the experimental points with the: 
theoretical curve can be regarded as an unambiguous fit and the extinction coef- 
ficient can be determined to within 5-10%. 

The scattering data for copper 

he ii iy az Sas? annealed for 4 hours at 300° are 

0 shown in Fig.2. The solid curve in 
the figure is plotted according to 
Eq. (4); the dashed curves according 
to Eq.(3). It will be seen that the: 
experimental points fit the solid 
curve. In our earlier contribution! 
we examined in detail the question 
of the nature of extinction in powde: 
specimens annealed at different ten-: 
In case of annealing 
sin? 9 above the recrystallization tempera-- 
ee for annealed copper. ture, one must take into account 
primary extinction, while in deforme 
specimens and specimens annealed at low temperature the principal role is played! 
by secondary extinction. Hence, hereinafter in comparing the experimental data 
with the theoretical curves for deformed and mildly annealed specimens we shall | 


make use of the curves based on Eqs. (4) & (5), taking into account secondary ex 
tinction. 


fe 
Fig.2. Variation of 2 In with peratures. 
T 
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The 2n vs s(“y")eurves for deformed and an- 
7 


at 4 Q3 Sin* 3a® 


nealed (2 hours at 600°) nickel are given in Fig.3. 
The solid circles represent the experimental points 
obtained for a deformed specimen. They obviously 
lie on the curve described by Eq.(5), i.e., on the 
dashed curve plotted taking into account stresses 


-02 


-Q4 


Zug of the third kind. If we take into account stres- 
fe ses of the third kind and introduce the appropriate 
Fig.3. Variation of 2In — ce corrections to the experimental intensity values 
Bare according to formula (1) we obtain the points re- 
with a for nickel. presented by the open circles. These open circle 


points fit the curve calculated taking second- 
03 Sin?3/A* ary extinction into account (upper solid line). 
In this case q@ in Eq.(5) proves to be equal 
to 0.3, i.e., we obtain static displacement 
of the order of 0.1 A which is in agreement 
with the data of Kokhanovskayal§. The crosses 
in the figure represent experimental points 
for annealed nickel. They fit the curve plot- 
ted according to Eq.(4) with a somewhat dif- 
ferent extinction coefficient (lower solid 
curve). 

Similar curves for a Cu-Sn alloy sample 
annealed for 10 min at 218° and for two de- 
formed copper samples are shown in Fig.4. 
Fig.4,b is for a copper sample (sample 6 in 
Table 1) measured immediately after prepara- 
tion; Fig.4,c is for a sample aged for one 
month at room temperature (sample 2 in Table 


Fig.4. Variation of 2ln 2 with 1). It will be noted that the experimental 
£ a points represented by solid circles do not 
pare a) for Cu-Sn alloy and b & fit a smooth curve. There are two facts to 
z be noted in connection with this: 
c) copper. 1) the intensities of the (200) and (400) 


lines are substantially weakened compared with 
the other lines, and 

2) if we attempt to determine the extinction coefficient even from the inten- 
sity of the strongest lines, we obtain a much higher value than for an annealed 
specimen (the general intensity of all the lines is lower). 

Obviously, there is some factor weakening the intensity of all the lines and 
particularly the (200) and the (400) lines. This factor, as can readily be shown, 
is strain faults which appear in copper and the Cu-Sn alloy in the process of de- 
formation by filing and persist even at low annealing temperatures. Actually, 
‘strain faults also appear in nickel if it is deformed by filing. This is evinced 
in the anomalous weakening of the (200) line observed in measurements on nickel 
powders produced by filing, rather than grinding, and noted earlier in the work 
of Rovinskiil7,. 

| If we assume that there are few strain faults, we can readily evaluate the 
change in line intensity; a strain fault in a given crystal, giving the Debye 
reflection ring from the (111) plane, can obtain in one of the {111} planes. 

: A crystal with one fault in the sequence of (111) layers can be represented 
as consisting of two parts shifted relative to each other along the X and Y axes 
by -1/3 and 1/3, respectively (the X and Y axes are the hexagonal axes parallel 


eee 


- 578 - 


to the [011] and [101] directions in a cubic crystal). Then the scattering in- 


tensity of such a crystal can be written in the form 
ple No Ni aUINENe WN) jEPL2IK 
ra = {M4 Oo a os 2n ( : |, 
where H and K are the indices of the reflecting plane in the hexagonal axes, V 
is the total number of layers in the crystal, and N:iis the number of the layer 
in which the fault occurred.* The bar over the terms containing Niindicates 
averaging over the position of the fault, i.e., over the value of Ni. Carrying 
out such averaging, we obtain 
VE a Pe 2 4 

(ee Pe = + 7 cos2e( 
whence for the plane with indices H—K =3n, we obtain T= 1 (no weakening) , 
while for the planes with H — K + 3n, we obtain T = 1/2. There fall on the 
given Debye ring reflections from planes with all indices {hkl}. Hence we can 
readily calculate the correction factor 7;;,; for the Debye ring, expressing the 
indices h, k and / in the cubic system in terms of the indices H, K and L in the 
hexagonal system of coordinates. 

Obviously, the reflections with different indices will be weakened to dif- 
ferent degrees: thus the reflections from the (200) and (400) planes will be 
weakened to a greater extent than the reflections from the (111), (220) and (311) 
planes, while the reflections in the first and second orders from the same planes 
will be weakened to the same degree. Actually, T for the reflection from (111) 
equals 0.62, for (400) and (200) - 0.5, for (202) - 0.75 and for (311 + 222) - 
O372. 

Let the number (fraction) of crystals containing a strain fault be a then 
the intensity of the Debye ring will be characterized by 


Tat = Ionut (4 —a + af). 


H—K 
3 ? 


Numerical evaluations show that even with a small number of faults (q = 
= 0.2-0.3) the change in intensity is very noticeable. At the same time, with 
such a small number of faults the displacement of the lines calculated according: 
to the formulas of Patterson!8 amounts to only a few minutes and hence may escapié 
detection for the first lines.** 

The open circles in Fig.4 represent experimental values corrected for the 
presence of strain faults. The fraction of faults a for the Cu-Sn sample proved! 
to be 0.5, for copper, 0.35 in the case of sample 6 (Fig.4,b) and 0.2 for sample: 
2 (Fig.4,c). We note that after such correction the experimental points fit the: 
theoretical curves, and that the extinction coefficients agree with the values 
for copper annealed at 400° for 10 min (for the annealed sample gz 6.5-1074 
for the deformed samples the extinction coefficient values are 6-1074 (Fig. 4,b) 
and 6.5°1074 (Fig.4,c)), when the strain faults have already been removed Hut 
there is as yet no noticeable enlargement of the blocks. In the case of the 

*A "layer" is here understood to be the triple group of layers forming a ce: 

**Wagner19 also detected strain faults in copper and a Cu-Zn alloy from the 
displacement of the x-ray lines. Wagner showed that aging for 6 hours at room 
temperature leads to almost complete removal of the strain faults in copper. The 
persistence of the strain faults in our case, even after 1 month storage of the 
copper specimen, may be attributed to the greater sensitivity of our method, or 
it may be connected with the inferior purity of our copper. Our results ¥uy th 
Cu-Sn alloy are similar to those obtained by Wagner for samples of Cugo-Znj0- | 


=e oroe= 


Table 1 Cu-Sn sample introduction of the strain fault 
Values of a, g and qa for correction also brings the experimental points 
different copper samples to the theoretical curve for secondary extinc- 


a tion with a coefficient lower than for the alloy 
id Bye ake annealed at a higher temperature. We did not 
he Z i 39 a | g-40¢ « detect weakening of the line intensity due to 
Re 24 238 stresses of the third kind in Cu-Sn; for copper 
the weakening was observed only for one deformed 
specimen. This is illustrated in Table 1 which 
; es —_|lo4! 25 | Sives a summary of the results of measurements 
21 , +23°4 mo. 10,2 6.5 — of a, g and q for samples of deformed copper pre- 
rl > clove -- we ; E — pared in different ways. As noted, stresses of 
ptahs? eee “lpr, | the third kind were detected in only one of the 
ry ex- six samples. 
tinction Examination of the factors influencing the 
Beineonine intensity of the diffraction lines of copper 
helps clarify the character of the variation in 
ees?) 10. 35. «6.0. _ 10,05 


intensity as a function of the annealing tempera- 
ture (Fig.1). The initial increase in intensity 
of all the lines and, particularly, the (200) and 
(400) lines corresponds to removal of strain faults. The decrease in intensity 
at annealing temperature above 400° corresponds to a sharp increase in the size 
of the crystals. Here the principal role is played by primary extinction, owing 
to which not only the front but also the back lines in the patterns are weakened. 
The difference in behavior between Cu and Ni is illustrated in Table 2. In 
column 1 we list the values of the intensity ratio 7; = T400/T200 for annealed 
samples divided by the corresponding intensity ratio 7p for deformed samples. 
These two lines - (400) and (200) - are lines the intensities of which are equal- 
ly affected by strain faults, so that the intensity ratio should not depend on 
the fraction a of crystals with faults. Yet an examination of the values in col- 
umn 1 shows that this ratio increases with increasing annealing temperature for 
both Cu and Ni. It should be borne in mind that the extinction coefficient ¢ 


Table 2 
Intensity ratios 


an (= ) eg ) Br ( (=) 
v2  \Is00 400 def Bo (ie) ann (a Jace 
Sample 


no corrected for no corrected for 
porrection |,extinetion» ) correction extinction 
Copper 
Deformed & 
annealed 1,0 1,0 1,0 1,0. 
iis aPAl fon snuna habe 1246 4,04 1,28 ; 

; BOO? ae © heh 0,98 1,44 4,10 
400°, 4 , 1°26 1°04 4°49 1°09 
Nickel 

Deformed & 
annealed 1,0 1,0 4.0 150 
at 400°, 2 hr. 1,05 1°04 1/09 1/06 
600°, 2+, 1°16 1°40 4°99 4742 
Setgqge, > 7 1/25 4/09 1/26 1°42 
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increases during annealing; if we introduce an appropriate correction for ex- 
tinction, we obtain the values listed in column 2; it will be seen that this 
ratio for Cu remains constant within the limits of the experimental error. At 
the same time the intensity ratio B)/Bo (where By = (1490/1113) ann 294 Bo = , 

= (1490/1111) qef) a1s0 corrected for extinction (column 4) increases for Cu ee 
ing the first stage of annealing owing to removal of strain faults. Where nicke 
is concerned, the picture is different. After introduction of the correction 
for extinction there is evident a parallel increase of both 71/79 and Bi/Bo (the 
last as might be expected is somewhat greater). This indicates that, in contrast 
to copper, there are present in the nickel stresses of the third kind which are 
gradually removed with increase of the annealing temperature. 

Summarizing the experimental results, we note the following. Stresses of 
the third kind are present in nickel subjected to plastic deformation. This is 
in agreement with the results obtained for nickel by Kokhanovskayal§, In copper 
stresses of the third kind produced by plastic deformation may or may not be 
evident. The conditions of deformation associated with filing are not entirely 
stable: vigorous filing may result in some heating. The results may also depend 
on the initial state of the material and its degree of purity. Moreover, aging 
of the specimen after filing at room temperature leads to complete relief of 
stresses of the third kind, decrease in the number of strain faults and an ap- 
preciable rise of the extinction coefficient. But in any case when stresses of 
the third kind are present in copper the corresponding static displacements are 
very small and their influence on the line intensity is appreciably weaker than 
the influence of other factors. Clearly, stresses of the third kind are relieve: 
at low (even room) temperatures and perhaps even in the process of plastic de- 
formation in the case of materials with a low recrystallization temperature. In 
materials with a higher recrystallization temperature, stresses of the third kin 
are more stable. However, in the process of low temperature annealing in the 
range below that of intrinsic recrystallization, there occurs an increase of the 
extinction coefficient, primarily that of secondary extinction. Hence there oc-: 
curs not only growth of coherent blocks but a gradual change in the angle of 
fragmentation between blocks, apparently owing to the process of polygonization.., 
Hence to avoid misleading results one must introduce appropriate corrections for 
extinction in measuring line intensities and calculating on their basis the aver 
age static displacements (if stresses of the third kind are present). 


Conclusions 


We have developed a method which makes it possible to distinguish between 
the influence of fragmentation and stresses of the third kind on the intensity 
of x-ray diffraction lines. We demonstrated that there are present strain fault 
in copper and Cu-Sn alloy powders. These faults may be considered to be the re— 
sult of double slip. The resultant configuration should not give rise to static 
displacements and hence should not possess elastic energy. Consequently, it 
should be more stable than the configuration produced by ordinary dislocations 
and may persist in the crystal during heating, leading to migration of ordinary 
dislocations to the boundaries between blocks, i.e., polygonization. 

It may be assumed that in most studies in which stresses of the third kind 
were evaluated from changes in the diffraction line intensities, what was actuall 
ly measured was the change in mosaicity and in some case strain faults in the 
samples. The regularities deduced in such investigations, associating mechan- 
ical characteristics of the material with stresses of the third kind, should be 
attributed primarily to the relation between the mechanical charsoterieticn andl 
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mosaicity. Naturally, one cannot fully exclude the role of stresses of the third 
kind. Despite their minor influence on the line intensity, they may have an ap- 
preciable effect on the mechanical properties. It must also be borne in mind 
that conditions of polygonization in solid specimens and powdered ones may be 
different. Hence the question of the correlation between stresses of the third 
kind and changes in mechanical properties remains open, 

The difficulty that must be overcome in future investigations is that mechan- 
ical characteristics are generally obtained for solid specimens, while in measur- 
ing line intensities one must exclude the influence of texture (grain orientation) 
which so far has proved to be impossible for solid specimens. All approximate 
methods of evaluating the role of texture appear to be inadequate or invalid in- 
asmuch as the actual magnitude of the changes in line intensity due to stresses 


of the third kind is small and may be appreciably smaller than the changes in in- 
tensity produced by the presence of texture. 
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INVESTIGATION OF THE FINE STRUCTURE OF Fe-Si ALLOYS UNDER DEFORMAT ION 
- G.M.Vorob'ev 


Factors influencing the intensity of interference lines of deformed samples 


In investigating the fine structure of deformed Fe-Si alloys we encountered 
an obvious extinction effect: with increase in the degree of deformation, the in- 
tensity of the first interferences increase more than the intensity of the last 
interferences. Consequently, for quantitative determination of distortions of 
the third kind it was necessary to take into account the effect of extinction. 

As has been shown by a number of investigators!-3, the intensity I of scattered 
x-rays taking into account extinction is described by the formula 


L=JAGi— 87"); (1) 


where I, is the intensity of the monochromatic primary beam, A is the integral 
reflection coefficient, 7? is the atomic factor of the investigated material, 
and 
2N2e4)2 

g=—{- D*, (2) 
here N is the number of elementary cells per unit volume, mis the mass and ¢ is 
the charge of an electron, \ is the wavelength, c is the velocity of light, and 
D is the average dimension of the regions of coherent scattering. 

In the presence of distortions of the third kind, Eq.(1) becomes 


[EN PY Ot Rees (3) 
where eau Ca fies), wherein /’ and /” are the atomic scattering functions of 


the elements comprising the binary alloy, c, and c, are the atomic concentrations 
of these elements and 


M==F (4). 

The quantity V we characterizes the distortions of the third kind. Rovin- 
skiit observed weakening of the interference lines after deformation of a metal 
sample; this weakening could be characterized by a factor C, somewhat smaller 
than unity, in the general formula for the intensity for scattered radiation. 
Rovinskii explains the decrease in intensity by assuming that after deformation 
a certain fraction, namely, (1 - C)100% of the material no longer participates 
in the diffraction of the x-rays. Williamson & Smalman3 observed a similar de- 
crease in intensity. Taking into account this weakening factor C, the intensity 
of interference lines of deformed metals can be described by the formula 


TAC cere (ae ieee \: (4) 
By equating the experimental intensity values for three lines with the theoretic: 
values characterized by Eq.(4), we obtain a set of three equations which can be 
solved graphically for the variables u?, C and g- 
The accuracy of calculation of distortions of the third ki i 

ind by the given 
method, just as in calculation by any other method based on comparing experiment- 
al with theoretical intensity values, depends on the values of the atomic scat- 
tering functions selected for the calculation. The most accurate values of the 
atomic scattering function are obtained in calculations according to Hartree? 
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Jnfortunately, such calculations have been carried out only for a few elements; 
for iron the tabular values of the atomic scattering function have been calcu- 
lated by the method of Thomas & Fermi.© Use of an insufficiently accurate value 
of the atomic scattering function will introduce a systematic error into the re- 
sults. Disregard of dispersion effects may lead to an even greater systematic 
error. The dispersion correction for iron has been evaluated by a number of 
authors?-9; however, in view of some divergence between the experimental data 

of different authors, this correction could be introduced only approximately. 

In our calculations we assumed the dispersion correction to be 2.5 for all lines. 
[fo make sure that this choice of dispersion correction does not introduce a sys- 
tematic error into the results of determination of distortions of the third kind, 
we analyzed the line intensities of technically pure iron annealed at 700°. It 
was assumed that after such heat treatment the pure iron specimen would have not 
distortions of the third kind and that the intensity of the diffraction lines 
would be affected only by primary extinction. If we had chosen the correct value 
for the atomic scattering function, the relationship 


T 
Tes )- 


Should hold for our annealed iron specimen. Having plotted 12/1,mNS j;, we found 
that the experimental points showed no consistent deviation from a straight line, 
Which would be the case if /, were incorrectly chosen. Since the experimental 
points fitted a straight line within the limits of the experimental error, we as- 
sumed that no systematic errors are introduced into determination of distortions 
of the third kind by the given choice of the dispersion correction. The evalu- 
ated uw’ is the sum of the dynamic and static distortions. In calculating the 
static distortions, the characteristic temperature of Fe-Si alloys in the anneal- 
ed and deformed states was taken as 430°,10 


Samples and procedure 


; For our experiments we took samples of technically pure iron and iron alloys 
containing 1.931, 3.489 and 7.345 atomic percent Si. Hereinafter and in the fig- 
ures these samples are designated as Fe, Fe + 1% Si, Fe + 2% Si and Fe + 4% Si, 
respectively. The chemical composition of the samples is listed in the accompany- 
ing table. 


Analysis of the investigated iron and alloy samples (% by weight) 


ee reer eee 
C | Al | P | 8 
Alloy Si.|Cr}| Mn |Co| Ni Mo Wt | oc a aan 
not over 
| 
— — -= Pa OnOZ, 
Fe 0,03 |—| 0,04 |—] 0,12 0,037 0,0 : 
Fe +1 % Si 0,079|—} 0,03 |—| 0,18 | — = 0.0378 ee — | O02 ae 
Fe +2 % Si 4,79.}—| 0,03 |—| 0,10) — =— |0,037) — O08 Oe 
Fe+4 % Si 3,84 | —| 0,02 = 0,45 | — == LOLO3 7s LO ROZN EOF 


The specimens were prepared as follows. After vacuum melting, the alloys 
were forged into rods 8 x 8 mm in cross section and annealed for 8 hours at 11009 
to insure uniform distribution of the alloying element. Sections 20 mm in length 
were then cut from the rod, deformed 30% by compression and again annealed for 
il hour at 700°. These samples were then subjected to static compression with 
different degrees of reduction. Three cylindrical plugs 0.6 mm in diameter were 
cut from each of the deformed samples for the x-ray studies. 

4 
2 


q 
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The line intensities and widths were measured on an URS-50I ionization re- 
cording diffractometer. After recording the lines of each specimen, he also re- 
corded the (110) line of a standard specimen, which consisted of technically pur 
iron annealed at 700° for 1 hour after 30% deformation. The intensity of the 
standard (110) line reproduced within 2.5%; the width within 3%. The line inten 
sity of the standard was also measured in monochromatic radiation with simultane 
ous measurement of the primary beam, i.e., for the standard we found the integra 
reflection coefficients for the (110), (200), (211) and (220) interferences. Hav 
ing this data, from comparison of the specimen and standard line intensities re- 
corded with nonmonochromatic radiation we could determine the integral reflectio 
coefficients for the specimen lines. We recorded the (110), (200) ,° (211)>andy@ 
interferences with Fe radiation for all the investigated specimens. In addition 
we measured the microhardness of all the specimens on a PTMZ hardness tester. 
The mean block size and distortions of the second kind were determined from the 
line widths by the procedure described in the work of Lysakll and Vorob'ev12, 


Results and discussion 


The curves characterizing the variation in microhardness with the degree of 
deformation are shown in Fig.1. As will be evident from the curves, the micro- 
hardness of the investigated Fe-Si alloys increases rapidly in the initial stage: 
of deformation (up to 25-30%). For a deformation of 80% the increase in micro- 
hardness proved to be greatest for the Fe + 4% Si alloy (150 kg/mm2) ; the corre-: 
sponding microhardness increase for technically pure iron was 115 kg/mm2, 

The variation in mean blo 
size as determined from the l1i! 
width is shown in Fig.2. The 
mean dimensions of the regions: 
of coherent scattering as eval! 
ated from the extinction prove: 
to be higher than the values 
calculated from the line widthi 
This can be explained by the 
fact that in the deformed meta 
there is apparently an appreci 
able spread in block size. Si 


We Th I 


Fig.l &% Fig.2 E, % blocks smaller than 2-10-5 cm 
Fig.1. Variation of the microhardness of Fe-Si have virtually no effect on thi 
alloys as a function of the degree of deforma- line intensity, the evaluation 
tion; 1) Fe, 2) Fe + 1% Si, 3) Fe + 2% Si, 4) based on line intensity gives 
Fe + 4% Si. the mean dimension of only the 
Fig.2. Variation of the mean block size blocks of greater size. Hence 
(in my) in Fe-Si alloys with the degree the results of measurement of 
of deformation; 1) Fe, 2) Fe + 1% Si, 3) the mean dimensions of mosaic 
Fe + 2% Si, 4) Fe + 4% Si. blocks from the extinction ef- 


fect are reliable only for an- 
nealed alloys. On the other hand, the line width is influenced by blocks smalle 


than 4-5-10-5 cm. Hence if we bear in mind that in the case of deformed alloys 
even the blocks measured with respect to the extinction effect have dimensions 
of 5-10-95 cm and smaller, it may be assumed that measurements with reference to 
the line width yield values averaged over almost all the blocks. Consequently | 
the mean block size evaluated from the line width gives a truer picture of the - 
mosaic structure of deformed metals than the size evaluated from the extinction 
effect. It follows from the curves of Fig.2 that fragmentation of the blocks o 
curs intensively up to a deformation of 20-25% and then ceases, 
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With increasing 
deformation, distor- 
tions of the third 
kind approach a value 
of 0.1 A for all the 
investigated alloys. 
In annealed alloys the 
magnitude of distor- 
tions of the third 

20 20 60 20 kind increases with 
E,% increase of the Si 
Fig.4. Variation in the percent concentration. The 
of the material not participat- increment in distor- 
ing in x-ray diffraction in Fe- tions of the third kind 
Si alloys with the degree of de- is greatest for pure 
20 40 60 ae formation: 1) Fe, 2) Fe + 1% Si, iron (0.1 A) and smal- 
oes) Fe +92%.Si, 4) Fe + 4%:Si. lest for the Fe + 4% 


Fig.3. Variation of dis- Si alloy (0.06 A). 
tortions of the second The curves characterizing the variation in the mag- 
kind (AQ/Q) in Fe-Si nitude of distortions of the second kind begin to bend 


alloys with the degree over in the range of deformations from 25 to 40%, but 
of deformation: 1) Fe, in no case do they flatten out completely, i.e., distor- 
2) Fe + 1% Si, 3) Fe + tions of the second kind continue to grow over the en- 
+ 2% Si, 4) Fe + 4% Si. tire interval of investigated deformations (Fig.3). The 

increase of distortions of the second kind with deforma- 
tion is more appreciable for alloys with a higher Si content. 

Fig.4 shows the variation of the percentage of the material not participat- 
ing in the diffraction of the x-rays. It may be assumed that the parts of the 
metal not participating in diffraction are located along the boundaries of the 
mosaic blocks. According to the theory of dislocations13, grain and block bound- 
aries have a dislocation structure; distortions of the crystal lattice in these 
regions can be so appreciable that they do not participate in diffraction of the 
x-rays. It may be inferred from a comparison of Figs.4 & 2 that the increase in 
the percent of the material not participating in x-ray diffraction at deforma- 
tions of up to 25% is due to fragmentation of the blocks and formation of large 
interface areas. For deformations exceeding 25%, the continuing rise of the 
curves in Fig.4 can be explained by increase in the thickness of the block bound- 
aries, inasmuch as the size of the blocks no longer diminishes in this higher 
range of deformations (Fig.2). According to the dislocation theory, increase in 
the thickness of the block boundaries may be a substantial factor where hardening 
is concerned, inasmuch as thick walls hinder propagation of slip from one block 
to another. 
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DETERMINATION OF THE STATIC ATOMIC DISPLACEMENTS IN THE SLIP BAND OF ROCK SALT 
- P.N.Aronova & V.I.Startsev 


Kudryumov and his co-workers!7~3 developed a method for determining the stat- 
ic displacements of atoms occurring incident to the deformation of metals and 
formation of solid solutions. Measurements carried out for different metals 
showed that the Debye temperature of metals does not change as a result of cold 
working. Since the measurements were carried out on polycrystalline materials 
where the x-ray beam simultaneously "illuminates" many slip bands, the character- 
istic temperature and the mean static displacements in the immediate region of 
the slip band cannot be found by this method. 

For the present study we chose rock salt. In it one can distinguish an in- 
dividual slip band and investigate the crystal lattice. As Brilliantov & Obrei- 
mov4 showed, when a rock salt crystal having the form of a low parallelepiped is 
deformed by compression, there form in it a few slip bands which can readily be 
distinguished under a polarizing microscope. Earlier, one of us showed that 
these bands actually form a boundary or interface between two differently orient- 
ed blocks. Investigation of the structure of this boundary by the Laue procedure® 
showed that it is essentially a defective lattice region with an orientation in- 
termediate between those of the neighboring regions. This boundary intensively 
scatters x-rays, which indicates that it has an appreciable thickness. 

For determining the Debye temperature of nondeformed rock salt, a crystal 
was roasted for 4 hours at 600° and then a columnar block 0.8 x 0.8 mm2 in cross 
section was sawed from it parallel to the cube edge by means of a wet thread. 

Two rotation patterns were recorded from this block, one at room temperature, the 
other at that of liquid oxygen. For recording the low temperature patterns we 
used a special camera in which the rock salt specimen was held in a stream of 
liquid oxygen. The patterns were recorded by copper radiation from a sharp focus 
tube with a nickel filter. The patterns were scanned on a microphotometer and 
the integral intensities of the (200), (400) and (600) reflections were determin- 
ed. Inasmuch as the intensity of the scattered x-rays was nonuniformly distri- 
buted over the area of the spot, we measured the integral intensity of the re- 
flection by photometering the blackening of the entire spot in the pattern. 

Having the integral intensity of the spots for deformed and nondeformed 
specimens at two temperatures one can readily find their characteristic tempera- 
ture. 

We obtained the following values of the Debye temperature for nondeformed 
specimens: 


- 


Sample No. 1 2 3 4 5 6 7 
Tp, K 260 270 280 290 280 270 280 


The Debye temperature of rock salt determined by our x-ray procedure is in 
good agreement with the data (281°K) obtained by other methods. 

For determining the Debye temperature in the slip band, a rock salt crystal 
was cut in the form of a low parallelepiped measuring approximately 10 x 10 x 6 mm 
and deformed by compression under a load of 400-500 g/mm. A columnar block con~ 
taining a slip band was then cut from the deformed crystal in the same way as in 
the case of the nondeformed sample. 
| A typical polarizing microscope photograph of a deformed rock salt crystal 
showing a slip band is reproduced in Fig.1. The dark diagonal line is the slip 
band or, more precisely, the boundary between two differently oriented blocks. 
The light region surrounding the band is a region of concentrated residual stres- 
ses. The long axis of the specimen block (the axis about which the specimen was 
rotated in recording the diffraction patterns) is perpendicular to the plane of 
the photograph. Fig.2 is a schematic drawing of a specimen with a slip band. 


3 
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Fig.1. Slip band as observed with a 
polarizing microscope. Fig.2. Diagram of specimen. 


Actually we cannot obtain a diffraction pattern for the slip band only: the 
volume of the crystal adjacent to the slip band also participates in the x-ray 
scattering. In order to minimize the influence of this extraneous volume, the 
specimen was cut so as to include only the region with large internal stresses 
(light area in Fig.1), wherein the crystal lattice is obviously distorted. The 
Debye temperature was determined in the same way as for nondeformed specimens. 
We obtained the following values of the Debye temperature in the slip band: 


Sample No. 2a 3a 8 9 100 14 
Tp» OK 150 170 155 150 165 170 


It will be obvious that the Debye temperature in the slip band is consider- 
ably lower than in the nondeformed crystal. This indicates that the bonding be- 
tween the atoms of the crystal lattice is weakened in the region of the slip 
band. 

Knowing the characteristic temperature of rock salt we can determine the 
root mean square displacements of the atoms from their ideal equilibrium posi- 
tions by means of the formula 


= 1 + 
Uq— 4n2mk0 | 0/T | 


where ua is the rms displacement of the atoms and (4/7) is the Debye function. 
The rms displacements calculated by means of the above formula for nondeformed 
samples were 


Sample No. i 2 So, Gge hk 
V wa 0.195 0.184 0.181 0.178 


and for deformed samples 


Sample No. 2a,23,8,9 LoL Gaz 3a,14 
V wa 0.31 0.29 Oy 27 


The static distortions were determined by the method, described in Ref.2 
by means of the formula R 


, ‘ ” ”" 
1 yan _ ,2(My —My —M, +M, 

c= 2 
Qa /a é acres 
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, Aykyly 3 A A 
where the a’ =-—“"" are the intensity ratios of different orders of reflection 
hakele : 
I 
for the nondeformed crystal, the Oi ee iAES the corresponding ratios for a 
hokels 


deformed crystal, M, & M, are quantities characterizing the thermal factor for 

different orders of reflection for the nondeformed specimen, M' & M" are the 
corresponding factors for the deformed specimen, and 7, & 9, are factors taking 
into account the variation in intensity of different orders of reflection due 
solely to deformation. 


It is known that the factor 9 is analogous to the thermal factor and can be 
written in the form 


where U, is the mean static displacement of the atoms. Since all the other quan- 
tities are known, i, can be easily calculated by means of the cited formulas. 


The determined values of the static atomic displacements in the slip band were 
the following: 


Sample No. 2a $1 8 9 alal 14 
tes A OeLS 0.18 0.21 0.19 0.17 0.18 


These values approximately correspond to the magnitude of the dynamic atomic 
displacements in nondeformed rock salt crystals at room temperature. The total 
static and dynamic displacements of the atoms in the slip band at room tempera- 
tures are approximately three times greater than the atomic displacements in a 
nondeformed crystal at the same temperature. 

To elucidate how plastic deformation is distributed through a crystal, i.e., 
to determine whether it is localized in the slip band or involves all the atoms 
of the crystal, we carried out measurements on a series of similar specimens saw- 
ed from the same deformed crystal: the first from the region next to the slip 
' band, the next its neighbor and so on to the face of the crystal. It was found 
that the characteristic temperature of all the specimens was higher than in the 
slip band and approximately the same for all specimens not containing a slip band. 
The static displacements in these specimens were smaller than in the one with 
the slip band. 

The values of the Debye temperature and static displacements obtained for 
the samples cut from the region next to the slip band were the following: 


Sample No. 3 9 15 17 23 
Tp» ck 210 190 200 200 200 
in ek 0.06 0.09 0.08 0.08 0.11 


These data indicate that plastic deformation is not wholly localized in the 
slip band but that even atoms at an appreciable distance from the slip band are 
involved in the deformation. Naturally, the greatest distortions occur in the 
slip band, wherein the principal part of the plastic deformation is concentrated 
and the bonding forces between the individual atoms are weakened. 

This deformed state is unstable. The crystal can be restored to its initial 
state by heating. In order to follow the regeneration process, specimens with 
slip bands were heated successively to 400, 600, 700 and 760°C, the holding time 
at each temperature being 4 hours. Even after roasting at 400°C the slip band 
as seen under the polarizing microscope was diffuse and the light region surround- 
ing the slip band noticeably darkened. The x-ray patterns for the specimens 


Debye temperature and static displacements in 
initially deformed specimens after heating change. 
at different temperatures 
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heated at 400° show less 

The Debye tempera 
ture, except for a few — 
specimens, changed little 


IDebye temp, Roasting temperature, °C or not at-allae Thissope 
Sample |& static i servation also applies to. 
|displace- 20 400 600 700 760 
No. ment the static displacements. 
After heating at 600° 
oe Gieok 150 157 240 279 the slip band disappeared 
w, Al 0,45 0,14 | 0,10 | 0,06 from all specimens. Also, 
41 0, °K 163 170 ae ie in all cases there was a 
Vu, A 0,17 0,19 0,10 O02 noticeable increase of 
2 ~ a : ae us = ol a the Debye temperature and 
9 0K 130" 300° | 380. 285, decrease of the static 
V wh 0,19 0,13 0,08 0,05 displacements, although 
33 eek 160 205 280 290 neither quantity returned 
w, A) 0,19 OA8-Sies O47 aiero! 07 fully to the value for a 
1 Ue. 159 | 160 200 — 290 nondeformed crystal. This 
Ly, A 0, 18 0,17 | 0,18 | 0,08 | 0,01 gngicates that although 


0 200 400 600 800 
is, 6 

Fig.3. Variation of the 
Debye temperature (1) 
and mean static atomic 
displacements (2) with 
the roasting temperature 
The vertical lines in- 
dicate the statistical 
spread for all the in- 
vestigated specimens. 


elastic stresses are large 

ly relieved by roasting at 
600°C, the crystal lattice is not fully restored, i.e.,, 
is still somewhat distorted. 

After roasting at 700°C the Debye temperature of 
most specimens approaches the normal (nondeformed 
specimen) value, but the static displacements still 
differ from zero; that is, the crystal lattice is not 
fully regenerated. Only after heating at 760° is the 
lattice fully restored; the static displacements vir- 
tually drop to zero and the Debye temperature of all 
specimens increases to the value for nondeformed crys- 
tals. The values of the Debye temperature and static 
displacements corresponding to different roasting tem- 
peratures are listed in the accompanying table. 

The variation of the Debye temperature and mean 
static displacements with the heating temperature are 
given in Fig.3. It will be evident from the curves 
that the increase in Debye temperature and decrease 
in atomic displacement occur in parallel. This "mir- 
ror’ dependence is characteristic of all specimens. 

In addition to the above measurements, we also 
investigated the variation in the intensity of the 


background between two Laue spots from two neighboring blocks in a specimen with 
Re slip band and in the same specimen after roasting at 760°. After heating, the 
background fog" between the Laue spots disappeared entirely. This again indi- 
cates complete recovery of the crystal lattice as a result of heating at 760°, 
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ON ELIMINATING THE INFLUENCE OF TEXTURE ON THE INTENSITY Ora ee bela 
- V.M. Finke 


An important roentgenographic characteristic of deformed metals is the in- 
tensity of the x-ray interferences. This intensity depends on a number of fac- 
tors including distortions of the crystal lattice, primary and secondary extinc- 
tion and texture (grain-orientation). These combined effects give rise to a 
rather complicated variation in intensity!-4 so that it becomes impossible to 
evaluate the factor of interest to us, namely, the distortions of the third kind., 
Primary and secondary extinction can be largely eliminated by using hard radia~ 
tion and the back reflection technique; moreover the extinctions can be approxi- 
mately calculated theoretically and hence corrected for. Texture, however, which 
depends on the type of deformation,is not susceptible of even approximate evalua-— 
tion and its effect can be eliminated only in exceptional cases. 

It may safely be assumed that the influence of texture was not wholly elin-. 
inated in most investigations devoted to distortions of the third kind and car- 
ried out on monolithic deformed specimens. Naturally, studies made with metal 
powders are free of this shortcoming. 

The principal effect of texture is connected with there being established 
a certain orientation of the crystal planes, which may be advantageous or dis- 
advantageous for reflection5,®, Moreover, the presence of texture, which in a 
sense represents a one-or two-dimensional idealized structure, leads to increase 
of extinction. 

One way to minimize the principal effect of texture consists in bringing all! 
(or most) of the crystal planes with given Miller indices into the reflecting po- 
sition and recording the intensity of the reflections from all the planes by 
means of some integrating device, i.e., a photographic film or a suitable counter 
The problem reduces to rotating the H(,,,;) sphere so that at each of its points it 
will intersect the reflection sphere. In other words, one must bring the normal 
to each of the (hkl) planes into coincidence with one of the generatrices of the 
reflecting cone. Then the integral intensity of reflection from all the planes 
will be the characteristic intensity free of the influence of texture. It must 
be noted that in this procedure the secondary influence of texture through ex- 
tinction is not suppressed and must be corrected for or eliminated by proper 
choice of the radiation. 

A method of this type was first proposed by Vasil'ev’ for investigating 
axial textures.* 

Obviously, in the general case of arbitrary texture, the problem of bring- 
ing all the planes into the reflecting position cannot be solved by rotation of 
the specimen about a single axis. This is why ordinary methods of investigating 
distortions of the third kind on the basis of the intensity ratio of different 
interference lines, the intensity ratio of certain lines and the background or, 
finally, the absolute intensity of a single line with rotation of the specimen 
about one particular axis proved to be inaccurate and in some cases grossly mis- 
leading. The techniques employed in some fractometric studies of texture8-11 are 
not convenient for investigations of distortions of the third kind owing to the 
smallness of the Bragg angle and the consequent possible strong influence of 
extinction, 

For investigating distortions of the third kind it is essential to use back 
ceaiemacke t recording from specimens of the polished microsection type. The pro- 
Cas epeteddic Reader fares on the assumption that the number of reciprocal 

plane of the H sphere is constant. The method pro- 


posed herein is not predicated on any specific assumptions con 
formation mechanism. P cerning the de- 
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posed recording arrangement is diagramed in Fig.l. 
The 'microsection" specimen is rotated about the nor- 
mal to its surface and at the same time about an axis 
perpendicular to the plane of the figure at point O. 
The two rotations allow of probing almost the complete 
pole figure. Rotation about the normal to the plane 
of the specimen at a constant angle of inclination 
gives the density of the points on one (fixed radius) 
circle of the stereographic projection. Then tilting 
Fig.1. X-ray pattern re- the specimen about the normal through 0 varies the 
cording arrangement for radius of the circle and thus gives the density of the 
suppressing the influ- points over the entire projection. The stereographic 
ence of texture: S - projection of the planes, as obtained with such re- 
source, N- normal to the cording, will have the form of a spiral. 
surface of the "micro- To superpose the normals to all the planes with 
section" type specimen, given (hkl) indices on the upper (in the plane of Fig. 
@ - Bragg angle. 1) generatrix of the cone of reflecting normals n, we 
must tilt the section x/2 from the position I (plane of 
the specimen perpendicular to n) to position II (n in the plane of the section). 
In the last position obviously there will be no reflection. The limiting effect- 
ive position will be when the reflected beam is in the plane of the specimen. 
Thus the angle of rotation of the specimen should be 


1/2 - (n/2 - 6) = O. (1) 


The (hkl) planes, the normals to which are in the angular interval (n/2 - 6), 
do not reflect. Hence the peripheral region of magnitude (xn/2 - 9) will be blank 
in the pole figure. With this method of rotation the lower reflection is not of 
significant interest inasmuch as few planes participate in its formation. 

The experimental difficulties of the procedure are, first, that the absorp- 
tion varies with inclination of the specimen with respect to the beam and, sec- 

ond, that in connection with tilting and increase in the irradiated surface the 
focusing is impaired. 

The simplest method of retaining good focusing is decreasing the cross sec- 
tion of the incident beam as the specimen is tilted with Ig constant.* To ac- 
complish this we use a rectangular slit and link it with the specimen. As the 
specimen is tilted so is the slit, and its effective cross section is reduced. 

If the angle of inclination of the specimen is equal to the angle of tilt of the 
slit, for a rectangular slit we can write 


sape = So(cosa—¥ sina), (2) 
0 
where 5S, is the normal cross section of the slit, Seff is the effective cross 
section of the tilted slit, 5, is the width of the slit, d is the thickness of 
the slit wall or diaphragm, and a is the angle of tilt. 

It is important to make sure that the (hkl) planes reflecting at different 
angular positions of the specimen be in identical states. Differences in absorp- 
tion can be corrected for by adjusting the exposure time for different orienta- 

tions of the planes. In terms of the experimental parameters the requirement 
for equivalence of conditions of reflection from differently oriented planes 
with a specific set of indices is given by 

*In general I, depends on the cross section of the slit; this dependence 

can also be taken into account. 


- 594 - 


1 gs. yee. cos B ~ (3) 
Ip So(cosa— 5 sin % | 7eos 8 4 008 @) const, 
where w is the angular velocity of the specimen, which determines the phage tigate 
time for the different planes. From this we can find the law of variation of @ 
with the angle of rotation of the specimen and, consequently, the profile of the 
cam for imparting the requisite rotary motion to the specimen. 


Fig.2. Diffraction camera: 0 - specimen, D - specimen holder, FS - flexible shaft. 
P - connecting rod and crank linkage, M - cam follower arm, Sl - slit, Fl - film 
cassette. 


Bearing in mind the above requirements, we designed and constructed a back 
reflection camera, the essential components of which are diagramed in Fig.2. The 
specimen O is mounted in the holder D and rotated at the rate of 1080 rpm by 
means of the flexible shaft FS. At the same time the holder is caused to oscil- 
late by the follower arm M riding the plate cam, at the average rate of 3 oscil- 
lations per minute. The specimen holder is linked by the connecting rod linkage 
P with the slit S1 so that the slit is tilted through the same angle as the hold- 
er. The film is inserted in the film cassette Fl. 

An iron foil 0.01 mm thick is mounted over the collimator opening; the (110) 
reflection from the foil serves as a standard. 

As required by (3), the angular velocity of the specimen holder differs at 
different angles of tilt; it is greatest when the specimen is perpendicular to 
n and lowest when the reflected beam is in the plane of the specimen. As a re- 
sult the "pitch'' of the spiral in the pole figure varies: at the center it is 
maximal; at the periphery - minimal. 

For all the planes with given (/k/) to reflect it is essential that the angu- 
lar width § of the spiral "filament" be equal to or greater than the pitch h of 
the spiral. As a result, a given plane reflects not once but 8/; times; hence 
with &6>h different planes reflect a different number of times. For full equal- 
ization of the conditions of reflection of differently oriented planes it is ex- 
pedient to make / constant. In this case each and every plane will reflect once. 
This was realized by varying the angular velocity of the specimen about the nornm- 
al in proportion to the angular velocity of tilting of the specimen. 
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Joy Istand. 
[Nesy tia ‘Istand. 


Sie Sse Fig.4. Variation of the intensity of 


PA Sand 


0 ety the (211) interference line with the 
effect of texture present (1) and with 
the effect of texture eliminated (2), 


Fig.3. Pattern of the (211) and also the sum of the Mo (651) and (732) 
(310) lines of an annealed St.3 lines with the influence of texture 
steel specimen. eliminated (3) and the root mean square 
atomic displacements from the equili- 
As designed the camera is capable brium position (4) with the degree of 
of recording well focused lines with deformation €é€. 


clearly resolved doublets from annealed 
specimens (see Fig.3). 

To evaluate the potentialities of the camera and procedure, we cut two sec- 
tions from a sample of St.3 steel deformed 50% by elongation: the surface of one 
of these was the transverse diametric cross section of the steel sample; the sur- 
face of the other was the longitudinal cross section. Thus, essentially we ana- 
lyzed the texture (fiber) plane and a plane perpendicular to the texture axis. 
The patterns recorded with two rotations of the specimen in the case of a varying 
pitch on the pole figure showed that the intensity of the (211) line for the longi- 
tudinal and transverse specimens differed by 9%. In the case of a constant pitch 

of the spiral the intensity difference was only 5% which is within the limits of 
the photometric error. At the same time, with the conventional recording proce- 
dure, i.e., with rotation of the specimen only about the axis perpendicular to 
its surface, the intensities differed by 100%. 

We used our camera for investigating the intensity of reflection of deformed 
St.3 steel. A standard tensile test specimen was stressed to rupture. Then from 
different sections of the ruptured piece we cut diffraction specimens with defor- 
mations of 0, 13, 20, 25 and 50%. The investigated surface in each case was the 
longitudinal diametric cross section of the ruptured piece. 

In the case of recording with one rotation of the specimen, i.e., with the 
effect of texture present (Fig.4, curve 1) the intensity increases by a factor 
of two at 20-25% deformation after which it falls off consistently up to 50% de- 
formation. In the case of two rotations, i.e., under conditions of virtually 
complete elimination of the influence of texture, the intensity of the (211) line 

dncreases some 15% at a deformation of 10% and then gradually decreases (curve 2). 
These results show that the increase in intensity in the first case is connected 
with texture and extinction, the former being the more important. 

In the case of specimens in which the preferred orientation is approximately 
known, one can obtain effective reflection from 95 to 100% of the planes with 
given (hkl) through proper selection of the surface of the specimen and thereby 
almost wholly exclude the influence of texture. If the exact preferred orienta-~ 


ar! TS ~ 
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tion is not known, one can investigate two or three different specimens with 
surfaces oriented at slightly different angles to the assumed fober axis. 
Siberian Metallurgical Institute 
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EFFECT OF ALLOYING ELEMENTS ON THE RECRYSTALLIZATION KINETICS OF NICKEL ALLOYS 
' - E,E, Zasimchuk, G.V.Kurdyumov & L.N. Larikov 


The present investigation was concerned with the influence of some alloying 
elements on the kinetics of recrystallization of deformed nickel-base alloys. 
The chemical composition of the investigated alloys is listed in Table l. 


Table 1 

BD Atomic % % by weight 
eee 
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Most of these alloys, 
temperature, were deformed 


ed before deformation. 


tial relation 


which are normally in the single phase state at room 


after annealing. 


The age-hardening alloys were quench- 


The specimens were deformed 80% by compression at room 
temperature. They were then annealed for periods varying from 5 min to 10 hours 
at temperatures in the range from 280 to 900°. In all cases the annealing tem- 
peratures was maintained constant within +10, 
As a measure of the rate of recrystallization at any given temperature T 
(in °K) we took the time t for nucleation and growth of the first recrystalliza- 
tion centers to a size of the order of 1073 cm. This time was determined from 
the appearance of the first spots ("pin points”) on the x-ray patterns (a detail- 
ed description of the experimental procedure will be found in Ref.1). 
The experimental results are shown in Figs.1-4. As will be evident from 
the figures in the investigated range of annealing temperatures and holding times, 
the recrystallization time for Ni and its alloys is characterized by the exponen- 


a Ae®? 


where A is a constant and U is a temperature coefficient, which is often called 
the "recrystallization activation energy’. 


- 598 - 


log T,hrs = yy ta Mo Crti Al 


-1.0 


Fig.l. Variation of the recrystallization time 
(log t) with the annealing temperature for pure 
nickel (straight line at the extreme right) and 
its alloys with one atomic percent Al, Ti, Cr, 
Mo, Nb and Ta. 


Fig.2. Variation of the recrystallization time 
of nichrome with the annealing temperature and 
Mo concentration; 1) Ni + 19% Cr, 2) Ni + 19% 
Cr + 1.7% Mo, 3) Ni + 19% Cr + 3.9% Mo, 4) Ni + 
+ 19% Cr + 7.3% Mo. 


Fig.3. Variation of the recrystallization time 


with the annealing temperature for nichrome 
alloyed with aluminum, titanium, tantalum and 
niobium: 1) Ni + 19% Cr + 1.6% Nb (open cir- 


cles), 2) Ni + 19% Cr + 3% Ta (solid circles), 


3) Ni + 19% Cr + 3% Ti, 4) Ni + 19% Cr + 1% 
Al, 5) Ni + 19% Cr. 


This activation energy, 
which is rather low in pure 
nickel ( of the same order 
of magnitude as the activatio 
energy for boundary self-dif- 
fusion), increases appreciabl 
even with small amounts ( 1 
atomic %) of alloying element 
(Table 2). All the alloying 
elements at low concentration 
strongly inhibit the growth o 
recrystallization centers in 
nickel. In order of increas- 
ing inhibiting effect the ele-- 
ments fall into the series: 
Al, Ti, Cr, Mo, Nb and Ta. 
must be noted that according 
to x-ray diffraction data, thes 
first three elements of the 
series give rise to substantias 
static distortions and decreas: 
the thermal vibration amplitudi 
of the atoms in the nickel lati 
tice.2 

The concentration depend-- 
ence of the influence of Cr onz 
the magnitude of U and the rat: 
of recrystallization 1/t at 
600° is compared in Fig.5 with: 
the concentration dependence o: 
Young's modulus E (Ref.3) and 
the diffusion coefficient D of: 
co69 (Ref.4) at the same tem- 
perature.* As will be evident: 
from the figure, most effectivi 
are small additions (up to 4%): 
of Cr, which result in a marke 
increase of U and decrease of 
1/t by several orders of magni: 
tude. Increasing amounts of 
chromium have virtually no fur’ 
ther effect on the magnitude o: 


Iti 


U. The rate of recrystallization, however, is somewhat further reduced with the 


addition of Cr, attaining a minimum value at 16 atomic percent Cr. 


At still hig! 


er concentrations, there is even observed a certain acceleration of the process. 
The complex character of the concentration dependence of the effect of alloying 
elements and the great effectiveness of small admixtures has already been noted 
by a number of investigators in the case of Cu and Al base alloys.5,6 


*There are no data available in the literature on the 
ence of the self-diffusion coefficient of Ni in Ni-Cr and Ni-Mo alloys. 
is a close analog of Ni, the behavior of 

of the mobility of atoms in these alloys (see Fig.5) 


since Co®9 


concentration depend- 
However 
Co60 is probably indicative 
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The marked decrease of the rate of recrystalliza- 
tion at low Cr concentrations cannot be explained by a 
corresponding change in the strength of the atomic 
bonds in the nickel lattice, inasmuch as in the inves- 
tigated range of concentrations the modulus of elasti- 
city changes by only a few percent.% Nor is there any 
substantial change in the atomic mobility; thus at 
600° in pure nickel, Dyy = 2.7-10-17 cm2/sec (Ref.7), 
while in Ni + 4.51 atomic % Cr alloy, Do, = 1.7-10-17 
cm2/sec (Ref.4). A certain degree of parallelism be- 
tween the variation of the recrystallization rate and 
the atomic mobility is observed only in the range of 
medium and high Cr concentrations.* 

Similar results were obtained in investigating 
Fig.4. Variation of the the concentration dependence of the rate of recrystal- 
recrystallization time lization in Ni-Mo alloys (Fig.6). In this system the 


with annealing tempera- effectiveness of small admixtures of the alloying ele- 
ture for "nimonic'’ type ment is even more pronounced. 
alloys: 1) Ni + 19% Cr, The influence of additions of Mo on 80/20 nichrome 


2) Ni + 19% Cr + 1% Al, is similar to the effect of this element on pure nickel. 
3) Ni + 19% Cr + 3% Ti, Although the effectiveness of small amounts of Mo is 
4) Ni + 19% Cr + 3% Ti + less pronounced than in the case of pure nickel it is 


+ 1% Al. still appreciable (Fig.2). It should be noted that 
log Li. (o) log HG A oO 
hr-1t o hr7t # 
U, keal/ g-atom : U, keal/g-atom bE 
100 > a 
“OO 
e) 
qo 


Desa aS 1S ia 20025 28 Cp nt 
Fig.5 
Fig.5. Variation of the activation energy U, rate of recrystallization 1/t modu- 
lus of elasticity E, and diffusion coefficient D of Co60 with the Cr concentration 
in Ni-Cr alloys at 600°. 
Fig.6. Variation of the activation energy U, rate of recrystallization 
1/t, modulus of elasticity E, and diffusion coefficient D of co69 with 
the Mo concentration in Ni-Mo alloys at 600°. 


alloying with Mo leads to further decrease of the recrystallization rate of Ni- 
Cr alloys even at Cr concentrations at which further increase in the Cr content 
tends to accelerate recrystallization. 
A similar effect due to alloying elements was observed in investigating the 
kinetics of recrystallization of some other ternary nickel alloys (Fig.3). The 
same elements (in the same order of effectiveness) inhibit the recrystallization 
of nichrome, although the inhibiting effect as such is somewhat weaker than for 
pure nickel. 


: *As has been shown in Ref.8, the rate of growth of recrystallization cen- 
ters should be compared not with volume but with boundary diffusion. It is not 
_ impossible, however, that there is some similarity between the concentration de- 
_ pendences of volume and boundary diffusion. 


a 
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Table 2 


Variation of the recrystallization activation energy U as a functio 
the alloying elements 


Alloying elements 


n of 


Ni 
base Al avs Cr | Mo Nb Ta 
\ 2) tpt |). lhe ee Se 
Content 
atomic % 1,19 0,93 1,00 0,99 4,00 4,00 
U,kcal/g-atom| 48-+2 82+3 88-43 81-+3 88-+3 96-4 96-+4 
A, sec £.40-17 | 4.40-22 | 2-40-21 | 4-40-19 | 4-10-20 | 1-40-20 | 1-10-70 


The influence of alloying elements on the kinetics of recrystallization of 
nickel base alloys is not restricted to their direct effect in the range of solu- 
bility in the solid state. Thus, at high Mo concentrations (Fig.6) there is ob-. 
served some slowing down of the recrystallization process, associated with tran-. 
sition to the two-phase region. The retarding or inhibiting influence of the 
dispersed particles of the second phase on the growth of recrystallization cen- 
ters is evinced even more strongly in the case of the quadruple "nimonic” type 
age-hardening alloy (No.27) (Fig.4). In this case the inhibiting effect appreci- 
ably exceeds the influence of soluble admixtures on nichrome. Similar effects 
have been observed repeatedly by other investigators. °6,9,10 

Thus in the investigated alloys there is observed substantial slowing down 
of the rate of recrystallization under the influence of small amounts of alloy- 
ing elements; this slowing down cannot be attributed wholly to the influence of 
the elements on the atomic mobility (rate of diffusion) in the host metal lat- 
tices. This effect is particularly pronounced in Mo and Nb, which, according 
to autoradiographic studies, are characterized by a marked tendency to segrega- 
tion.11 It may be assumed therefore that it is associated with inhomogeneous 
distribution of the elements through the volume of the deformed alloy. The en- 
hanced concentration of the extraneous atoms on the boundary of the growing re- 
crystallization centers results in slowing down of the rate of growth of the 
centers. 8 

In the presence of several alloying elements each of them can saturate the 
boundary region, as the result of which the total effect may be intensified. On 
the other hand, the influence of each of the elements will be weakened in view 
of the fact that parts of the boundary layers will be occupied by the other al- 
loying elements. Hence there is no reason to assume ipso facto that if the in- 
fluence of each alloying element individually leads to Slowing down of the re- 
crystallization, the total effect of all the elements together will necessarily 
be the same. 

it should be noted that the tendency to segregation of elements in the solic 
phase is not necessarily connected only with a negative value of the derivative 
of the free surface energy with respect to concentration. A tendency to accumu- 
late at the most distorted boundary regions will also be evinced by elements giv- 
ing rise to appreciable distortions of the host metal lattice.! With further in- 
crease in the content of the alloying element, when its excess concentration in 
the boundary layers attains the limit value, the rate of recrystallization de- 
creases at a much slower rate. This continuing but slower decrease is due to 
such factors as changes in the general level of the atomic mobility, appearance 


_ 
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of a second dispersed phase, etc. 
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COMPARISON OF THE PRINCIPAL X-RAY PROCEDURES FOR DETERMINING THE SIZE OF 


S 
MOSAIC BLOCKS IN POLYCRYSTALLINE MATERIAL - 
- S.V.Semenovskaya & Ya.S. Umanskii 


ini i £ mosaic 
ds in common use for determining the size o 
Herts fe taT one” ined from the broadening 


blocks: the size of small blocks (up to 0.1 y) is determi | 
of the last interference lines; that of large blocks (0.1 to . H) fron eure? | 
uation of the first lines, owing to the effect of primary extinction on other 


lines. Darwin's formulal, 
wh _tanh ng ab) 


Inos HH 


(where n is the number of reflecting planes, and g is the reflection from one | 
atomic plane), which defines attenuation of the first lines, was derived without: 
allowing for absorption of radiation in the material. 

In the present study, we attempted to evaluate experimentally the correctio: 
for absorption, i.e., to find the degree of correlation between the above-mentio: 
ed two methods of determining block size. In addition, the block size was deter’ 
mined according to Wilchinsky's formula (2) 

4 
Leese t—exp{-—zel(t + Bt (2) 
= : . 

‘mos ; 1—exp{—5 ul (t+ 8)} 


where pp, is the absorption coefficient, ¢« is the correction for extinction, and 
l is the size of the mosaic block and by means of Weiss' formula (3) 


iD 1 7 


2 2 
r= !—alse |F |LN2Lp) (3) 
where N is the number of mosaic blocks, and Lp are the angular corrections. 

Sintered tungsten carbide proved to be a strongly absorbing material, com- 
pletely satisfactory for our purposes. Cylindrical samples (D = 10 to 15 mm, an: 
h = 2 mm) were prepared under different conditions of reduction and carburizatio. 
of tungsten. They were wet ground for 2 hours, 6 hours or 48 hours and then sin 
tered at 1400°C. These samples exhibited only minor primary extinction and a 
small degree of broadening of the last interference lines. Since the error in 
determining the size of such blocks by both techniques is maximal, the experi- 
mental conditions were selected so as to minimize the error. The average measur’ 
ment error was determined for each method. The patterns were recorded on an 
URS-50I diffractometer, using Cu and Fe radiation, with a 0.04 mm thick filter 
over the 4 mm wide slit. The specimens were not rotated. 

In view of the brittleness of the material and the high sintering tempera- 
ture employed it could safely be inferred that there were no residual stresses o 
the second kind in the specimens. We therefore assumed that the physical broad- 
ening of the interferences was due wholly to diffraction. 

To determine the block size according to formula (1) the intensity of the 
(100) line of the sample was compared with that of a standard. The latter was 
prepared under conditions of carburization and reduction differing somewhat from 
those for the other samples. To eliminate errors due to fluctuation in the in- 
tensity of the primary beam we used a medical type dosimeter, which was connecte 
in the counter circuit. In addition, the standard was remeasured after every 
sample run. 

The final value of I/Imog was obtained for each sample by averaging 6-10 
measurements. The block size as determined according to Darwin's formula (1) 


lay in the 0.1 to 0.25 yp range for all samples. The mean experimental errors 
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in determining block size accord- 
ing to this formula amounted to 
30 to 7%, respectively. From the 
resulting values of I/Imog the 
block size was also determined 
according to Eqs.(2) (for €/u = 

= 2.87) and (3). These equations 
yielded block sizes in the 0.13 
to 1 yw and 0.4 to 0.85 uw ranges, 
respectively. 

To determine the block size 
from the broadening of the last 
interferences (Selyakov's formula) 
a record was made in the same 


a URS-SOI diffractometer but using 


0 Os 10 15 log fix) Cu KQ@ radiation. In these mea- 
surements the width of the slit 
Fig.1. Fitting an approximating function to in front of the specimen was 0.1 
the experimental interference curve for a mm and that in front of the 
sample having the following diffraction broad- counter 0.5 mm. We measured the 
ening: f(x) = e-* (x) and /(x) = 1/1+az? (o). linear and integral half-width 


of the (301) Ka, and (301) Ka, 
lines. By virtue of the good resolution (angle of convergence ~2') we succeeded 
in measuring the broadening for 0.1-0.25 yu blocks (if the block size determined 
according to Eq.(1) is assumed to be true). 

By trial and error we found that the experimental interference curve was 
described with very good approximation by a Gaussian function (Fig.1). Conse- 
quently, the diffraction broadening was determined from the full line width ac- 
cording to the quadratic formula 


a= bh: (4) 

The final result for every sample was obtained as the average for eight sets 

of data. Since the height of the incident beam was 10 mm, the experimental aver- 
aging over the sample was adequate. The block size as determined according to 


Selyakov's formula ranged from 0.077 to 0.747 yp. The mean experimental errors 
were evaluated as 15 to 30%, respectively. 


Discussion 


Fig.2 shows the block size values as determined from the broadening of the 


the last interference lines and according to Eq.(1), as well as the magnitudes of 
the mean experimental errors in determining block sizes by these two procedures. 
A comparison of all four methods is given in Fig.3. The curves show that a cor- 
rection should be introduced into Eq.(1). All the experimental points lie above 


the straight line drawn at an angle of 45°, i.e., the block size determined from 
the broadening of the last interference lines is less than that determined accord- 


Bing to Eqs.(1), (2) and (3). 


~ 


- 
‘ 


In spite of the fact that some of the samples yielded results which fall 
within the range of experimental error, the fact that all the points without ex- 
ception lie above the straight line drawn at an angle of 45° and that the points 


are grouped along an identifiable curve (rather than scattered chaotically) shows 


that the experimental error is smaller than the magnitude of the correction to 


. 


edi ef 


Eq.(1) in the case of the investigated tungsten carbide samples. 
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Fig.2. Comparison of tungsten carbide block sizes as calculated from the broaden- 
ing of the last interference lines and according to Darwin's formula: 1) range 
of absolute experimental error when calculating 2 according to Selyakov's formula 
2) range of absolute experimental error when calculating l according to Darwin's | 
formula. 
Fig.4. The ng-dependence of I/Tnos? a) experimental dependence, b) de- 
pendence as calculated according to Darwin's formula. 


Z(\) 
1,0 L +—Fig.3. Comparison of block sizes calculated from 

| the broadening of the last interference lines and 

| by means of the formulas of Darwin (crosses), Wil-. 

OJIc chinsky (circles and squares, dashed curve), and 

a8 Ate Weiss (squares, solid curve). 

| Figure 4 shows the experimental curve which 

| defines the true size of the blocks and the theo- 
a6 . retical curve calculated according to Darwin's 
| 
| 
I 
| 
| 
I 
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formula (1). 
The large magnitude of the correction and its 
rapid increase with increase in block size can 
a scarcely be explained solely by the fact that no 
account of absorption is taken in Eq.(1). It is 
evident from Fig.3 that Eqs.(2) and (3) yield worss 
approximations than Darwin's formula. In spite of 
the fact that Eq.(2) makes allowance for ordinary 
absorption, the rougher approximations that under- 
lie its derivation lead to worse results than thos: 
given by formula (1). Eq.(3) calls for an even 
larger correction than Eq. (2). 
g2 G4 Lie See The present study is insufficient for the dra 
‘ing of definitive conclusions; a series of further 
Fig. 3. studies must be carried out on brittle materials 
from which stresses of the second type are entirel: 
absent. Nevertheless, on the basis of the present study the need for the indi- 
cated corrections can be regarded as highly probable. 
A theoretical explanation and fuller experimental demonstration of the pres: 
ent deductions are essential in view of the fact that a great number of problems 


S 


— 
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in the physics of metals require the determination of block size in the range of 
mosaic structures. 
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INVESTIGATION OF THE X-RAY LINE WIDTH OF METALS DEFORMED 
AT DIFFERENT TEMPERATURES 
- N.N.Davidenkov & B.1.Smirnov 


The mechanical properties of metals undergo marked changes with decrease 


Moreover, these changes differ for different metals. A rise 


in temperature. ee 
emperature is characteristic of 


in the hardening coefficient with decrease of t 
metals with a face-centered cubic (f.c.c.) lattice (Al, Ag, Au, Cita Na Pb)» 
while their yield point rises negligibly. At the same time their ductility is 
maintained or even enhanced.1! In the case of metals with a body-centered cubic 
(b.c.c.) lattice (Fe, Mo, W, Ta), on the other hand, in a certain temperature 
range a drop in temperature leads to a sharp rise of the yield point together 
with the entire stress-strain curve, while the hardening coefficient shows a 
small increase. At the same time the ductility of these metals decreases, and 
they may become distinctly prittle.1,2 

X-ray diffraction studies can give some information concerning the changes 
that take place in the crystal structure of metals as the deformation tempera- 
ture is reduced. There exist a number of studies3-5 devoted to the x-ray line 
widths of f.c.c. lattice metals deformed at low temperatures, but up to the pres- 
ent, the x-ray line widths of metals with a b.c.c. lattice that have been deforn- 
ed at various temperatures have received very little study. The results we ob- 
tained for molybdenum, however, point to a marked difference in the behavior of 
x-ray line widths on varying the deformation temperature of metals, depending on 
whether they have a f.c.c. or b.c.c. lattice. 

In the present work we investigated tungsten and iron, which have a b.c.c. 
lattice, and nickel, which has a f.c.c. lattice. 


Samples and Procedure 


The following materials were chosen for the study: N-l grade nickel (f.c.c.) 
having the following average composition: 0.04% Cu, 0.012% Fe, 0.004% Zn, and 
traces of S; tungsten (b.c.c.) (99.96% pure), and Armco iron (b.c.c.). Nickel 
and iron are convenient for comparison, because they have differing lattices but. 
almost identical melting points. 

Cylindrical samples 10 mm in diameter and 20 mm in length were machined to 
produce a side flat 5 mm wide. The samples were vacuum annealed for 1 hour at 
700° in the case of Ni, 620° in the case of Fe, and 1,570°C in the case of W. 
Then they were subjected to deformation by compression on a "IM-12A" testing 
machine. We chose compression because Fe and W are brittle under elongation at 
certain temperatures. 

The Fe and Ni samples were deformed at -196°C (liquid nitrogen) and 20°C 
and the W samples at temperatures ranging from 20°C to 450°c. These temparatiee 
correspond to the region where the yield points of Fe and W exhibit a pronounced | 
temperature dependence. Deformation at -196°C was realized in a special cup .fil- 
led with liquid nitrogen. A small furnace was used for the high-temperature exa| 
periments. 
ar Reflection patterns were recorded from the flats on the Samples in a URS-50! 
ionization recording diffractometer. The patterns from the samples which had | 
been deformed at -196° were recorded both at the low temperature and at 20°: 
the patterns of the samples deformed at other temperatures were recorded only at) 
coon temperature. The low-temperature patterns were recorded in a special de- | 
vice similar to a diffraction camera.©® The recording conditions and the inter- 
ference lines studied are listed in the accompanying table. 


| 
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’ The line width i 
Mate- | Radia was determined as the area 


a eon Filter | Lines under the recorded curve divided by the height of 
the peak. No less than three samples were studied 
<A KaCu Ni (420) at each temperature, 5 to 7 patterns being record- 
Rife Mr (222) ed for each sample. The estimated error in deter- 
(111) mining the width did not exceed 3%. Doublets were 
Fe K.Fe = (220) resolved by the conventional procedure. ¢ Next, we 

(110) determined the "true" broadening, from which we 
ft Fateh x +500) evaluated distortions of the second kind and the 


size of the coherent-scattering blocks.® 
Results and Discussion 


The compression (stress-strain) curves for the investigated metals are 
shown in Figs.1 and 2. It is evident that with decrease in temperature the 
stress at which the samples are deformed rises much higher in the case of W than 
in the case of Ni. Similar results have been obtained earlier, except that the 
narrow plateau in the curve for N-1l nickel has not been observed for nickel be- 
fore. Figs.1 and 2 also give the compression curves for samples which had been 
deformed beforehand at a lower 
temperature (abc). 

Figs.3 and 5 show the change 
in x-ray line width during plas- 
tic deformation at different 
temperatures. The line width 
for nickel (Fig.3) at first in- 
creases rapidly, then more slow- 
ly; in addition, the curves for 
the (222) and (420) reflections 
rise higher at the lower tempera- 


P10 %kg 


; : Z 16, ave g g 4 a ture. The influence of tempera- 
Fig.l. Stress-strain Fig.2. Stress-strain ture increases with an increase 
curves for nickel. curves for tungsten. in the degree of deformation; it 


is practically unnoticeable in 
the range of small deformations. In the case of the 
(111) line no difference in width is observed for dif- 
ferent temperatures, presumably because the broadening 
effect is very small. The line width of samples de- 
formed in liquid nitrogen does not change upon warming 
to room temperature. When a sample that has been de- 
formed beforehand in liquid nitrogen is further com- 
pressed at 20°C, the width of the (222) line practical- 
ly does not change until we reach corresponding point 
on the curve for continuous deformation at 20°C. A 
similar deformation-temperature dependence of the line 


Fig.3. Deformation de- width, as well as the constancy of this dependence when 
pendence of line width the sample is warmed up, was also observed by Paterson? 
for nickel: 1) at -196°C, in the case of nickel deformed by torsion. 
2) at 20°C, 3) at 20°C What causes the variation in line broadening with 
after 14% preliminary temperature? In view of the limited magnitude of the 
deformation at -196°C. effect observed in the present case, it is not possible 


to answer this question with certitude, since the dif- 
ferences in block size and magnitude of the distortions at different temperatures 
do not exceed the limits of the experimental uncertainty. Judging from the data 
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of the other studies?, both factors 
(blocks and distortions) come into 
play. 

The deformation dependence of 
the change in line width in the case 
of W (Fig.5), is similar to that for 
Fe. After the first plastic deforma: 
tion at the yield plateau, the width 
Y ue 10? 107 %min of all the lines increases sharply. 
Fig.4. Time variation of the width of the Upon further deformation, however, 
(220) line of Fe heated to 20°C after 9.5% the increase becomes slower. In 
deformation in liquid nitrogen; the cross every case, the lower the deformation 
on the y-axis gives the width at the low temperature, the greater the line 

temperature. width, and a significant difference 
in broadening appears right after the 
yield plateau with little additional broadening upon further deformation. 

If samples deformed at a certain temperature are heated to a higher tempera- 
ture, the line width diminishes. In the case of iron, the line width, as measure 
at 20°C, is almost identical for all samples whether they have been deformed in 
liquid nitrogen or at room temperature. This diminution in width occurs rather 
rapidly, so that its variation with time could not be detected. Fig.4 shows the 
variation with time in the width of the (200) line after rapid heating from -196° 
in a stream of water. It is obvious that from the instant the first experimenta) 
point is obtained (~5 min.) the width does not change. 

In the case of tungsten (Fig.5), heating a sample up to 300°C, which has bee 
deformed 7.5% at 20°C, also leads to a certain diminution in line width, althougl 
the line still remains wider than in the case of like deformation at other tem- 
peratures, including 300°C. If this sample is further deformed at 300°C, the 
line width rapidly falls off and at 11% deformation attains the value observed 


Bae, Ged. 
wo 


B10 rad. 
I0 


25 


Pig. 5 Fig. 6 


Fig.5. Deformation dependence of line width for tungsten: 
3) at 300°C, 4) at 400°C, 5) heating the sample to 300°C a 
at 20°C, 6) secondary deformation at 300°C after prelimina 


1) at 20°C, 2) at 150% 
fter 7.5% deformation | 
ry deformation at 20°) 


Fig.6. Deformation dependence of block size and o 
second kind for tungsten: 1) at 20°C, 2) at 150° 
400°C, 5) heating the sample to 300°C after 7.5% deformation at 20°C 
6) secondary deformation at 300°C after preliminary deformation at 


f distortions of the 
C, 3) at 300%, 4) at 


a . «Ae et 
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for deformation solely at 300°C. 


Fig.6 shows the changes in distortions of the second kind and block size 
that take place in tungsten as a result of deformation. It is obvious that great 
fragmentation of the blocks and increase in distortions occur at the yield pla- 
teau at all temperatures. On further deformation, the changes become less con- 
siderable. 

Comparing the block sizes obtained after deformation at different tempera- 
tures, we note a tendency toward decrease in size as the deformation temperature 
is reduced to 20°C. Distortions of the second kind, on the other hand, increase 
sharply with a decrease of the deformation temperature. Thus, in the case of 4% 
deformation, the distortions obtained at 20°C are twice as great as those obtain- 
ed at 400°C. Fig.6 also shows that when a tungsten sample, which has been de- 
formed at 20°C, is heated to 300°C and then deformed at this temperature, the 
line width diminishes mainly owing to removal of distortions. Similar dependences 
are observed for both Fe and Mo. 

If we now compare the data concerning the variation in line width with de- 
formation temperature for the different metals, we can arrive at some generaliza- 
tions. In the first place, it should be noted that in the case of all the in- 
vestigated metals, the curves depicting the change in line width after deforma- 
tion at various temperatures, bear a striking resemblance to the stress-strain 
diagrams (Fig.l & 3, and 2 & 5). A similar resemblance was noted earlier for Al, 
Cu, Ni (Ref.3) and Mo; i.e., the difference in reaction to low temperatures of 
metals with b.c.c. and f.c.c. lattices, which is one of the main reasons for the 
cold brittleness of the former, is also evinced in the x-ray diffraction patterns. 
This indicates that the physical nature of the increased resistance to deformation 
at low temperatures is not the same in b.c.c. and f.c.c. metals; but it is not yet 
clear just what this difference may be. One possible reason for it may be the 
different effect that impurities (carbon, nitrogen, etc.) have upon metals with 
different crystal lattices. We might add that 1) this difference is basically 
connected with stresses (distortions) of the second kind (and not with the frag- 
mentation of the blocks) and 2) low-temperature enhancement of resistance to de- 
formation entails an increase of distortions, and not vice-versa. This last en- 
sues from the fact that when Fe is deformed in liquid nitrogen, intervenient re- 
moval of the load and heating to 20°c do not introduce any changes into the de- 
formation curve, while distortions on warming decrease by a factor of 1.5. 

In the case of all the metals, the blocks apparently exhibit a tendency to 
diminish in size with reduction of the deformation temperature. Owing to the 
small magnitude of the effect, it is not possible to draw any more detailed de- 
ductions. When discussing changes in the dimensions of the blocks and the mag- 
nitude of distortions, one should also bear in mind that the customary methods 
of determining them from x-ray line broadening have a number of shortcomings. 

All the experiments dealing with the deformation of metals under varying 
temperature conditions indicate that the x-ray line width, and, consequently, 


the factors influencing it, are not a simple function of the experimental tem- 


perature at the time of deformation, but, rather, may depend upon the tempera~ 
ture of previous tests, i.e., on the thermal history of the specimen. 


Leningrad Physical-Technical Institute, 
Academy of Sciences of the USSR 
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X-RAY MICROBEAM INVESTIGATION OF STEEL DEFORMED AT DIFFERENT RATES 
AT HIGH TEMPERATURES 
~ M.Ya.Fuks & L.Ya.Gol'dshtein 


Through the use of narrow x-ray beams one can obtain important information 
on the fine structure of deformed crystalline materials. Hirsch and others have 
used this technique for investigating pure metals.! Movchan employed microbeams 
for phase analysis and for studying fracture of steel.2,3 X-ray beams that were 
very narrow in one dimension were used in the work of eee: and Rovinskii>. 
In the present work we used microbeams for investigating carbon steel before de- 
formation and after elongation at elevated and room temperatures. 


Procedure 


Most of our experiments were carried out on St.25 carbon steel normalized 
at 860° and tempered at 620°. The mean linear dimensions of the crystallites, 
as determined by the two-exposure techniquel, were about 25 ». Standard tensile 
test specimens were stressed under different conditions (see accompanying table) 
on an IP-2 testing machine. Before recording the diffraction patterns the speci- 
mens were etched to a depth of 0.3 mn. 

The diffraction patterns were recorded using a sharp focus Pines type tube 
in a back-reflection camera with a plain cassette and a circular slit collimator, 
the diameters of the irradiated section of the specimen being 70, 100 and 120 uy. 
Except as noted, the direction of the primary beam was perpendicular to the de- 
formation axis; the convergence of the beam was (1.8-2.5)+1073 radians. The ex- 
posure times for undeformed specimens were from four to eight hours; for deformed 
specimens 20-40 hours. Specifically, we observed the interferences of Fe radia- 
tion from the (220) planes, and in some cases Co radiation from the (310) planes. 
The shape, size and blackening of the spots and the separation between them were 
analyzed visually at magnifications of 5 to 15 X and by scanning the patterns on 
an MF-4 microphotometer. The disorientation angle B between fragments was calcu- 
lated by the formula: 


Variation of the disorientation of fragments with 
the conditions and degree of deformation 


Deformation Disorientation of Region of disorien- 
conditions fragments, min tation in crystal- Remarks 
lites, degrees 
Temp.| Deforma- . 
O% tton. time €=15% €=40% €=15% e=40% 
450 hoe rs 7-18 15-22 1.5-4 1-3 2-4.5 
450 156 oe 15-25 | 18-30 2.5-7 | 4-8 
450 Yared 20-30 3-5 
450 3 min 25-40 3-5 
20 Se 35-45 35-55 3-10 3-10 
20 ss pga 20-40 | 30-45 1-3.5 Tempered at 450° 
after deformation. 
d 
37 hrs 7-15 11-20 1-4 3-4 Patterns recorde 
- : with Co radiation, 
450 Ts ae 11-25 1-5 Recording parallel 


to deformation axis. 


- 612 - 


sin 5 = cos 9*sin Z, 
where 9 is the Bragg angle and y is the central angle, i.e., the angle subtend- 
ing the arc between the spots in the diffraction pattern. 


Undeformed state 


In all patterns from undeform- 
ed specimens there are present sev- 
eral intense sharp spots. They are 
not, however, located precisely on 
the Kay and KO, lines; in some cases 
the deviation may attain 30'. Such 
scatter of the spots in the patterns 
from undeformed specimens has been 

observed previously by Kolontsova4. 
yt Some of the spots have the ap- 
pearance of radial streaks (aster- 
ism); others are circular. The 
size of most spots (radial and tan-— 
gential) varies in the range from 
Fig.1. Microphotometric traces of the spots 6 to 15'. Even if we assume that 
of an undeformed specimen; a) in the tangen- the entire radial broadening is due) 
tial direction; b) in the radial direction. to nonuniformity of the lattice 
period, it is evident that the last 


_ as | eee eee | eee ee [eee | ees eee | 
0 O25 050 O75MN 0 OS 10MM 


does not exceed 3°1074. 

In almost every pattern there may be encountered spots split into two parts | 
in the tangential direction. In a few cases there are even spots split into 
several parts simultaneously in both the tangential and radial directions (Fig. 
1). Inasmuch as there are only 2-7 crystallites in the reflecting position, 
there can be no doubt that the split parts of the spots are reflections from 
different regions (fragments) of the same crystallite, disoriented relative to 
each other. The disorientation angle attains 3-6'. In none of the patterns, 
however, did we observe a case of simultaneous presence of spots from fragments 
of the same crystallite on the Kq] and Kd lines. Consequently, it may be infer- 
red that the total region of disorientation in undeformed crystallites is small 
and presumably does not exceed 20-25'. We note that A@ for the (220) Ka doublet 
(Fe radiation) equals 24'; the natural width of the spectrum line is 2-3'; the 
angle of convergence of the primary beam about 6-7'. 

The intensity of the spots in diffraction patterns recorded with microbeams 
is approximately the same as in patterns recorded with ordinary beams. At the 
same time, the exposure in the latter case, when the spots are obtained by re- 
flection from entire crystallites, is only about 1/10 that in the former case. 
This equality of intensity and the number of split spots indicates that the frag- 
ments in undeformed steel are regions of the same order of magnitude (as regards 
linear dimensions) as the crystallites and are not equivalent to mosaic blocks 
which have linear dimensions of the order 1075 cm. This does not exclude the 
possibility that the crystallites have a block structure, inasmuch as the frag- 
ments may consist of a large number of blocks, the angles between which are of 
the order of a second. If we accept that the radial broadening of the spots is 
due primarily to dispersion of the blocks, calculations by the Scherrer equation 
yield a value of ~2°1075 cm for the linear dimensions of the blocks. The ob- 


served tangential broadening of the spots is presumably associ 
entation of the blocks. y ated with disori- 


- 613 - 


Deformed state 


A common trait of all patterns from 
deformed specimens is the appearance of 
a number of individual arcs instead of 
the single sharp spots characteristic of 
undeformed specimens (Fig.2). These 
arcs either consist of a series of more 
or less separate spots or are lines of 
continuous blackening. The number of 
arcs is approximately equal to the num- 
| natal lcci Cn! ber of spots in patterns from undeformed 
0 1 ? 3MM specimens. The intensity of the spots 
in the arcs is lower than that of the 
Fig.2. Microphotometric trace of x-ray spots in the pattern from undeformed 
pattern from a specimen deformed for specimens despite the 5 to 10 fold in- 
15 hours at 450°, € = 15% (record for crease in exposure. Thus as a result of 
transverse cross section of the speci- deformation there is a marked increase 
men). in the number of separately reflecting 
crystalline regions, i.e., there occurs 
further break up of the fragments composing the initial crystallites (or frag- 
mentation of the nonfragmented crystallites). The fragments of the deformed met- 
al are appreciably smaller than in the undeformed state, but they are not equiva- 
lent to mosaic blocks, which cannot yield separate intense spots with the expos- 
ures employed or have so great a disorientation. 

All the spots in a given individual arc are associated with the fragments 
of one initial crystallite; moreover, in this case, owing to increase of the re- 
gion of disorientation, the fragments of one crystallite as a rule give reflec- 
tions in both the lines of the Kq@ doublet (not doubling each other). The regular 
arrangement of the spots in the arcs and the gradual variation of the arc radii 
indicate that neighboring spots in the arcs correspond to neighboring or at least 
close fragments. The angle between the fragments giving the extreme spots in an 
arc characterizes the region of disorientation of only the fragments in the crys- 
tallite that are in the reflecting position. In general, the size of this region 
is not equal to the maximum region of disorientation in the crystallite and hence 
can serve as only an approximate characterization of the latter. 

Protracted elongation at 450° (137 hours). With € = 6%, the arcs in the 
pattern consist of relatively intense only slightly blurred spots, many of which 
have the form of radial streaks (Fig.3). Between the spots there is a continuous 
weak background, which we term the "are background’. This background is probably 
due to reflection from boundary regions between the fragments, regions consisting 
of an agglomeration of minute disoriented blocks. 

The radial width of the streak-like spots is only some 10-20% greater than 
the width of similar spots in the diffraction patterns from undeformed specimens, 
which is indicative of minor distortion of the corresponding fragments. The dis- 
orientation of these fragments is, as a rule, somewhat less than that of the frag- 
ments yielding circular spots, i.e., spots free of asterism. The values of the 
disorientation for all the investigated conditions and degrees of deformation are 

listed in the table above. 
2 It should be noted that the shape of the spots and the separation between 
them varies in different arcs and to a lesser extent within a given arc. 

With increase in the degree of deformation the radial blurring of the spots 
increases, although the splitting of the doublet remains fairly clear even for 
€ = 40%. There is virtually no asterism. The low sharpness and intensity of the 


- 614 - 


\ " 
% 
; {2 SS ee EE eee 
0 2 4 6 8 10MM 
Fig.3. Pattern from specimen Fig.4. Microphotometric trace of a section ae 
eras for 137 hours at 450°, the pattern from a specimen deformed at 450° 
= 6%. for 15 hours, € = 15%. 


spots results in the arc being more or less uniform as regards blackening, which 
is indicative of greater uniformity of the deformation. 

With increase of € from 6 to 15% it becomes easier to distinguish separate 
spots owing to increase of the separation between them. With € = 6 to 15% many 
of the spots show signs of splitting, primarily in the tangential direction (Fig. 
4), which is evidence of further break up of the fragments in the process of de- 
formation. We note that, in general, the spots on the patterns from deformed 
specimens are not regions of monotonically varying blackening, i.e., the corre- 
sponding fragments are not regions with a perfect crystal lattice. 

Shorter elongation time at 450° (15 & 4 hours). Reducing the stressing 
time at 450° to 15 and 4 hours brings no substantial change in the appearance 
of the x-ray patterns, i.e., there are still present arcs with clearly twinned 
spots and a split Kq@ doublet. However, the radial diffusion of the arcs increas- 
es somewhat; streak-like spots are encountered only in the patterns from speci- 
mens deformed for 15 hours. 

Short-term elongation at 450° results in appreciably greater radial blurring: 
of the arcs, so that individual spots stand out only faintly against the arc back: 
ground. The Kq@ doublet still splits. 

Cold deformation. In the case of elongation at room temperature, the radial 
diffusion of the arcs is appreciably greater than for 
any of the specimens deformed at 450° and the Ka doub- 
let exhibits virtually no splitting for € > 15%. In- 
dividual spots in the arcs are almost indistinguish- 
able; only in a few cases do there stand out more in- 
tense sections of the arc, presumably corresponding 
to larger fragments (the disorientation was evaluated 
from these). 

After two-hour annealing at 450° of the cold de- 
Fig.5. Diffraction pat- formed specimens, the more intense sections of the 
tern from specimen sub- arcs stand out more clearly, while in the case of the 
jected to cold deforma- specimen elongated 6% one can even distinguish indi- 
tion, € = 6%, and subse- vidual spots (Fig.5). The radial diffusion of the 
quent annealing at 450°. arcs decreases substantially and the Ka doublet ex- 
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hibits clear splitting. The disorientation of the fragments does not change in- 
cident to annealing. It is important to note that the radial diffusion of the 
arcs and the disorientation after annealing at 450° are greater than for the cor- 
responding degree of deformation of the specimens subjected to short-term elonga- 
tion at 450°, Consequently, there is a difference between the simultaneous and 
consecutive effects of deformation and heating: even two-hour annealing at 450° 
of cold deformed St.25 steel does not bring the material to the state obtained 

as a result of short-term deformation at 450°. 

To check on the possible influence of texture, we recorded patterns from the 
cross section of specimens with the direction of the primary beam parallel to the 
axis of deformation and also patterns using Co radiation. In both cases the ap- 
pearance of the patterns and the disorientation angles were essentially the same 
as described above. Hence texture is not evinced to any appreciable degree in 
the investigated range of deformations. 

We carried out a separate series of experiments on specimens of 35KhNM steel 
in which the linear dimensions of the crystallites in the undeformed state are 
about half the crystallite dimensions in St.25 steel. In the case of this steel 
after elongation for 16 hours at 500° to € = 20%, the radial diffusion of the 
arcs proved to be greater than for comparable conditions of deformation of St.25 
steel, and no individual spots were observed. Consequently, fragmentation and 
growth of microstresses occur more intensely in this alloy steel than in the car- 
bon steel. 

Our results help clarify some of the details of the process of deformation 
of carbon steel. Under the investigated deformation conditions the initial crys- 
tallites or their fragments break up into finer fragments with accompanying dis- 
orientation of the latter. At an equal degree of deformation the largest and 
most perfect fragments are observed after protracted hot deformation; the smal- 
lest and most distorted fragments after cold deformation. Reduction of the dura- 
tion of elongation at 450° intensifies fragmentation of the crystallites. The 
mutual disorientation of the fragments and the size of the region of disorienta- 
_tion in the crystallites increases with increasing degree of deformation and for 
an equal degree of deformation both are the greater, the higher the rate of de- 
formation and the lower the temperature. On the other hand, the hardening of the 
metal is the greater, the higher the rate of deformation and the greater the de- 
gree of deformation. Thus, a lesser degree of hardening corresponds to less dis- 
orientation of the fragments. 

The fragments in turn can consist of mosaic blocks which break up and be- 
come disoriented during deformation. Disorientation of the latter may be the 
reason for the tangential diffusion of the spots associated with high degrees of 

ion. 
Mee the case of strain to 15% and protracted elongation at 450°, there do 
. not develop any substantial microstresses and there is little break up of the 
blocks, as evinced by the minor radial diffusion of the spots. Increase of the 
rate of deformation and reduction of the temperature lead to increase of the 
microstresses, greater fragmentation and disorientation of the mosaic blocks, and 
increase in the volume of the boundary regions between fragments; this is acer 
cated by increase in diffusion of the spots and arcs and relative increase me e 
intensity of the arc background. These effects are insignificant for att on 
times of 4 to 15 hours, but become appreciable in the case of short-term ho 
elongation and even more appreciable in the case of cold deformation. ae Ae 

Inhomogeneity of the deformation of steel crystallites is teeters? ie es 
ceable in the case of slow rates and low degrees of deformation. ae . om are 
eity is substantially reduced with increase in the rate and degree ot elonga : 
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In the deformation of a complex alloy there is observed greater fragmenta- 
tion and development of higher microstresses than in pure metals. Thus, where- 
as in Kelly'S experiments with pure iron! (with approximately the same size of 
crystallites) the separation of the spots in the arcs on the patterns was ob- 
served after cold deformation to € = 15%, in our St.25 steel a similar separation 
of the spots occurred only after prolonged elongation at 450°, while for 35KhNM 
steel no such separation was observed even after prolonged deformation at 500°, 

It follows from the experimental results that in the investigated range of 
rates of deformation,macroscopic deformation of steel at 450° is accompanied by 
fragment formation by the slip mechanism. Although diffusive flow may play a 
significant role under these conditions, in any case it is not the sole or prin- 
cipal mechanism of plastic deformation under protracted stress. 

Plastic deformation of polycrystalline materials is accompanied by break up 
of regions of two types as regards size: break up of fragments in crystallites 
and break up of coherently scattering regions (mosaic blocks). X-ray diffraction| 
procedures, based on determination of the width and shape of the interference 
lines in patterns recorded with ordinary beams, are not capable of detecting the 
process of break up of crystallites into fragments when these fragments are not 
so finely dispersed as to produce diffraction broadening. Conventional procedure: 
are capable only of indicating changes in the mosaic structure. 
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ON DETERMINATION OF THE SIZE OF BLOCKS AND MICRODEFORMATIONS BY HARMONIC ANALYSIS 
- 0.V. Bogorodskii 


Harmonic analysis of the diffraction line intensity distribution is the most 
objective method of determining the size of blocks and the Magnitude of micro- 
strains. This method allows of investigating such important details of intra- 
granular structure as the distribution of microstrains in some region of the crys- 
tal lattice and the size distribution of the mosaic blocks in the structure of 
crystals. In the presence of anisotropy of microstrains and non-equiaxial blocks, 
the harmonic analysis method is the only possible one for evaluating these quanti- 
ties. 

On the other hand, the harmonic analysis method also has its shortcomings. 
Whereas determination of the total physical broadening function f(x) Can be car= 
ried out with the desired accuracy, the separation of ;(x) into parts fi(z) and 
fox) associated with the magnitude of the microstrains and blocks, is a more am- 
biguous problem, in the solution of which appreciable (up to 300%) errors may be 
involved. 

In utilizing the harmonic analysis method, two procedures are employed for 
separating the function /(z) into its parts f(z) and f(z) 1-3 The first proced- 
ure is based on analysis of the shape of the Fourier transform of /(x) and is con- 
venient in that for calculating the size of the blocks and magnitude of the micro- 
strains one can make do with. only one line with the indices (hkl). 

The second procedure is based on investigating the magnitude of the Fourier 
coefficients of f(x) as a function of the order of reflection of the diffraction 
line associated with the same system of planes. If the experimental conditions 
allow of obtaining 4-6 orders of reflection from the (hkl) planes, the second 
procedure is justified and is the more accurate. When, however, there are only 
two orders of reflection in the x-ray diffraction pattern, the error in determin- 
ing the block size and microstrains is of the same order of magnitude as in using 
the first procedure. In practice, only in exceptional cases can one obtain sever- 
al orders of reflection in the x-ray pattern and trace the higher order line con- 

“tours with the requisite accuracy. Hence it is important to try to enhance the 
accuracy in determining the block size and microstrains by means of the first pro- 
cedure. 

Herein we propose a simple, practical procedure by means of which one can ob- 
tain more accurately the 
shape of the Fourier trans- 
form curve of f(x) and, con- 
sequently, determine more 
accurately the quantities 
of interest, namely, the 
block size and magnitude 
of the microstrains. 

Assume that we have 
the contours of two dif- 
fraction lines: a standard 
line G(x) and a broadened 
line H(xr) (Fig.1). Let us 


Fig.l. Variation of the 
expansion interval of the 
standard - G(x) - and broad- 
ened - H(z) - line contours. 
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choose the Fourier expansion inter- 

’k 153060. 120 260 360 480 600 7206404 wal so that the intensity at the — 
| ends of both contours will be zero;; 
the interval for both contours must, 
be the same. Let us divide the 
contour width from -a/2 to +a/2 in- 
to » equal parts (in our case 40; 
the actual number of parts is unim- 
portant). Now let us expand both 
contours into series, calculate the; 
coefficients fF, of the function f(z) 
and find the variation of Ff, with 
k graphically. 

For this operation, in our 


08 


50 ae 2 3 y 5 é 7% opinion, it is more convenient to 
PE ES He 24 Je 46 48 56 use Herman-Lopshits* or similar 
Fig.2. a) Fourier transform curve F = F(s); "templets' rather than the method 


b) block size determined on the basis of six of "strips". Such a F, vs k curve 
coefficients calculated in the first expan- plotted on the basis of the six 
sion interval (7= 40); c) block size deter- first coefficients is shown in Fig., 
mined with eight-fold increase of the ex- 2,a. Usually six or seven coeffi- 
pansion interval. cients suitable for further inves- 
tigation are obtained in the case 
of an interval such as that shown in Fig.1. The block size is equal to the 
first derivative of /, = F(k) at k = 0. Hence drawing a tangent (Fig.2,b) to our 
curve at the point sk = 0, we obtain the block size as the x-intercept. It will 
be evident that there is some discretion and hence a degree of arbitrariness in- 
volved in both the construction of the Fourier transform curve and in drawing the! 
tangent to the curve; hence there may be an appreciable uncertainty in the deter- 
mined block size. 

The solution would be more definite if we had more points for the Fourier 
transform curve, particularly in the region between * = 0 and ; = 1. The defi- 
nition can be enhanced in the following manner. 

Let us double the length of the expansion interval, i.e., extend it from 
-a to +a, also double the number of parts (Fig.1) and evaluate the coefficient 
of *, for k= 1. Obviously, the coefficient calculated in this manner will be 
intermediate between the «* = 0 and «% = 1 coefficients obtained in the first ex- 
pansion interval, while its numerical value will determine the F, = F(k) curve at 
this point. Let us increase the interval again; now its length will be 4a (and 
the number of parts 160) and again calculate Ff, for *= 1 in the quadrupled in- 
terval. This time we obtain a coefficient intermediate between the coefficient 
with « = 0 and «= 1 obtained in the second expansion interval. 

Tais process can be repeated as many times as desired, but in practice one 
should stop after 3-4 such operations inasmuch as further refinement of the curve 
will lie within the limits of error in the experimental determination of the line 
contour. Curve c in Fig.2 was obtained in this manner. 

The new coefficients can be assigned fractional orders or left integrals, 
appropriately increasing the order of the others. In our experience? use of 
this procedure results in a substantial reduction of the error in determining 
block size and the magnitude of microstrains. 
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CONTRIBUTION TO THE THEORY OF DIFFUSE SCATTERING OF X-RAYS AND SLOW NEUTRONS 
BY MULTIPLE COMPONENT ALLOYS 
- V.V.Geichenko, V.M.Danilenko, M.A.Krivoglaz, Z.A.Matysina & A.A. Smirnov 


By observing the diffuse scattering of different types of waves by the crys- 
tal lattice of an alloy one can determine the distribution of atoms of different 
types over the regular and interstitial sites and thereby investigate composi- 
tion microheterogeneities which influence many of the important properties of 
alloys and play a significant role in the formation of the highly dispersed struc- 
ture that, in a number of cases, determines the heat resistance of alloys. 

Under certain conditions one may expect to observe the same regularities for 
scattering of x-rays and slow neutrons by a crystal lattice, inasmuch as in both 
cases we are dealing with the scattering of similar waves. Hence there can be 
deduced a general formula from which one can derive the scattering intensity 
formulas for the particular cases of x-rays and slow neutrons by introducing the 
appropriate "atomic scattering factors”. In our treatment we take into account 
only scattering by concentration inhomogeneities, associated with disorder in the 
atomic distribution over the regular and interstitial sites of a geometrically 

' ideal crystal lattice. 

Scattering of this type has been investigated previously in a number of 
particular cases. 

The purpose of the present work was derivation of equations273 for the scat- 
tering probability of waves in the general case of solid solutions with any nun- 
ber of components, having in the disordered state any type of Bravais lattice, 
any composition and long-range order, and taking into account correlation in the 
substitutional occupation of regular and interstitial lattice sites by atoms of 
different types in all coordination spheres. 

The basic, initial formula for the intensity of diffuse scattering of x- 
rays and the principal part of diffuse scattering of neutrons is 


N u 
S= YD Fa Fed Pre — Fr) exp lig Bo —Ryrwl: (1) 
8, se, x’) 

where F,, is the "atomic scattering factor’ of an atom located in the «-th site 
of the s-th unit cell, Ff, is the mean atomic factor, i.e., the factor averaged 

over the sites of the given type, R,, is the vector describing the position of 
the given site, q is the difference between the wave vectors characterizing the 
scattered and incident waves, V is the number of unit cells in the crystal and 

; yu is the number of sites per unit cell. 
In the case of x-rays, /F,, is the usual atomic scattering factor; in the 
case of neutrons Ff, is the average value (for the isotopes of the element an 
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atom of which occupies the sx site) of the quantity characterizing the spin inde-: 


pendent part of the neutron-nucleus interaction energy.1+ 
In the case of neutron scattering one must also take into account certain 


specific effects which have no analogy in the scattering of x-rays and yield ad- 
ditional terms in Eq.(1), which result in a background that does not depend on 


the scattering angle. ; 
The scattering intensity in Eq. (1) can be represented in the form of two 


terms 5S; and S,, consisting, respectively, of the diagonal and nondiagonal terms 
of the sun: 


Se (2) 


Calculations of 5: and S, leads to the following results for alloys having 
a Bravais type lattice in the disordered state: 


Q C 
| 3 
Si =N y) AL pa Pe Pe Saat (3) 
L=1 = 


where p’ is the a priori probability of substitutional occupation of « type sites: 
by 1 type atoms, 4, is the number of L type sites per unit cell and 


Ayes | POL. pay (4) 


here Ff, equals F,,, which corresponds to the case when the sx site is occupied by 
an a atom; and 


a Quate coer @ Zit! 
Sag) ee SVAN el ee Ey ‘+ “4 
S28 Aye YD eet Be el cos gem.) (5) 
a, t=] L=1%*y;=1 l=1 L’=1 mM p=H1 
wherein the 
LL’ LL’ , 
cule) = peea(eh— pepe (6) 


are the correlation parameters, pi!’ (9) is the a posteriori probability of finding 
a and a’ atoms, respectively, in Z£ and Ll’ type sites at a distance .» from each 
other, x, is the number of the L type sites in the unit cell, o, is the radius 
of the 7-th coordination sphere, One, is the vector extending from the central 
site (type L and number x,) to site number ™m, (type L’ in the {-th coordination 
sphere), and Z,,, ig the number of L’ sites in the /-th coordination sphere drawn 
about the £ type site number x, of any of the unit cells. 

The corresponding general formulas for interstitial alloys are more cumber- 
some (see Ref.2) and will not be written out here. 

There were also derived formulas for the intensity of diffuse scattering in 
the case of crystals not having a Bravais type lattice in the disordered state. 
Thus for binary ordering alloys with a hexagonal crystal lattice of the AB or 


ABy type the formulas for 5, are the same, i.e., Eq. (3), while the formulas for ~ 
S, are the following: 3 


Sg = — 2NAgg (eng + Sap) (COS qai + cosqag + COs (qa + gas)) + 


qe ai + gas a, -+ qas Ps s 
+ 2)”, cos ¥- (cos ered 9 t6s ws ay : al a) 
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for AB type alloys and 
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" Ae 6 (8) 
for ABs alloys. Here correlation is taken into account only in the first co- 
ordination sphere; a, a. and ¢ are the principal lattice vectors chosen so that 
the angle between a, and a, equals 120° and ¢ is perpendicular to a: & a,, and 
a, =A, =V 3,6 . 

As will be evident from the above formulas, the angular dependence of the 
background intensity distribution is more complicated in the given cases than, 
for example, for body- and face-centered cubic lattices. The formulas can be 
generalized to the case of multiple component alloys and also rewritten to take 
into account correlation in the following coordination spheres. 

If correlation in a given alloy is appreciable, in addition to S;, One must 
take into account S,. The correlation parameters can either be found approxi- 
mately as functions of the composition and temperature, using an appropriate 
variant of ordering theory, or they may be regarded as empirical constants 
characterizing the state of the crystal. In the latter case, they (or certain 
combinations of the parameters) can be determined through comparison of the ex- 
perimentally observed background intensity for scattered waves of some given 
type with the corresponding intensity given by the formulas. Then these con- 
stants can be used for calculating the scattering intensity of waves of other 
types. 

In the case of binary crystals certain combinations of correlation parame- 
ters can be obtained by Fourier transformation of the background intensity. 

The correlation parameters for disordered binary alloys have been calcula- 
ted in this manner by a number of authors (see, for example, Ref.4). Here we 
give the method for determining these parameters for ordering substitutional al- 
loys and for interstitial alloys. 

For ordered substitutional alloys calculations lead to the formula 


bid 
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here «x,y and z are the components of resolution of q along the vectors of the 
reciprocal Bravais lattice, and vy 1. Yom, and ».,,, are the integral coefficients 
of resolution of »,,,,, along the vectors of the disordered alloy lattice. The 
quantity on the left in Eq.(9), which, as will be evident from the equation, can 
be determined from the experimental value of s, characterizes the correlation 
in the crystal and does not depend on the nature of the scattered wave. 

For a disordered AB type alloy with a small number of interstitial C atoms 


the formula for determining the correlation parameters ¢,,(,)=— ep,(e,) is of the 
form ir 
1 sy (6253 2) 
exc (01) = zt \\ pee en a 
4 000 Fa) ol ef a) Fe (10) 


* exp [— 271 (21m) + Wom 4. 2Yem))] dx dy dz, 


| where S’ is the part of the background associated with correlation between the 


regular and interstitial sites, which in some cases can be separated from the gen- 


: eral background. 2 Knowledge of the correlation parameters allows of drawing cer- 


eee Me 


tain deductions regarding the arrangement of atoms of one type or another about 
the atoms of the given type. 
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ssion for the background intensity in Debye 


we give the expre 
ES ROS REE 4 se of a multiple component ordering alloy 


patterns, obtained for the general ca vegies nega, 
: ny 

of any composition having in the disordered state a 

appropriate averaging the expression for s, is the same, while the formula for 

S, becomes 

sin 1 my)? 


Q 
>) iz: (eZ2 (01) + obra (01)) (11) 


Pray 


Ay 
The modulus of the vector q is g= > sin, where 26 is the scattering angle 


for radiation of wavelength Xd. 
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X-RAY DIFFRACTION INVESTIGATION OF THE RELATION BETWEEN RECOVERY, 
RECRYSTALLIZATION AND ORDERING IN Fe-Co AND Ni-Fe ALLOYS 
- M.M.Borodkina, E,I.Detlaf & Ya.P.Selisskii 


Increase in the free energy of an alloy incident to cold deformation, as is 
known, is due to distortions of the lattice, stresses of the second kind and in- 
crease of the surface energy owing to fragmentation of the grains and mosaic 
blocks. In cold deformation of an ordering alloy, the free energy, in addition, 
increases by the magnitude of the ordering energy, which can appreciably exceed 


the energy increase commonly obtaining in the case of disordered solid solutions. 


Obviously, in a given series of solid solutions, the greatest increase in free 


energy should occur for the alloy.of stoichiometric composition. With concentra-. 


tion disordering this energy increase should fall off to both sides of the stoi- 
chiometric composition. These relationships are illustrated in Fig.l. Here in 


the series of solid solutions of components A and B there is an ordering alloy of 


composition AB. In the case of cold deformation, the free energy Eg of a solid 
solution the composition of which differs appreciably from AB increases by the 


amount AE,, owing to the same causes as in the case of a pure metal. In the case 


of the alloy of stoichiometric composition AB, to this energy increment there is 


added the energy change AE, due to disordering. Thus the total change in energy — 


of the ordered alloy AB incident to cold deformation will be 
AEcq = SE, + AE,, 


while the energy change of alloys with composition in the region of concentra- 
tion disordering will be intermediate between AE, and SE, + OE: 
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For this reason the cold deformed alloy of 
stoichiometric composition will be the least 
stable from the thermodynamic standpoint of all 
the alloys in the given series. Hence it is 
reasonable to expect that the temperature-time 
conditions for recovery of the stoichiometric 
alloy will differ from the conditions for the 
other alloys in the given series of solid solu- 
tions. Ordering in the given case should be 
observed at lower temperatures than in the case 


fo 4 ; 768 3 of other alloys in the series. Recovery and 
eet ordering are interrelated in the sense that or- 
Gar aentran dering per se should lead to removal of the dis- 
tion dis— tortions and relief of the stresses produced by 
ordering cold deformation. In connection with this, in 
Fig.l. Variation of the free the case of stoichiometric composition alloys 
energy E incident to cold de- all the external evidences of recovery (includ- 
formation of ordered solid ing the characteristic changes in the x-ray pat- 
solutions consisting of com- terns) should be observed at lower annealing 


ponents A and B. OE, - change temperatures and after shorter holding times 

in free energy due to disorder- than in the case of nonstoichiometric composi- 
ing of the alloy; t - anneal- tions. 

ing time. Inasmuch as the cold deformed alloy becomes 

ordered in the process of low temperature anneal, 

at higher temperatures there should be a definite correlation between the degree 
of ordering and the conditions of recrystallization. With increase in the degree 
of order the interatomic binding forces increase and attain a maximum value when 
the alloy reaches the equilibrium state. Accordingly, the activation energy of 
the diffusive process involved in recrystallization increases. In consequence of 
the fact that in the system of solid solutions under consideration in going away 
_from the stoichiometric composition there occurs a concentration induced decrease 
in the degree of order, the diffusion activation energy will have a maximum value 
at the stoichiometric composition and will decrease to both sides of this compo- 
sition. 

Thus the composition dependence of the temperature of beginning of recrystal- 
lization must exhibit a maximum in the region of the stoichiometric composition. 
Also, we can expect the temperature interval between the beginning of recovery 
and the beginning of recrystallization to be widest in the alloy of stoichiomet- 
ric composition. 

In the present report we give the results of an x-ray diffraction investiga- 
tion of the temperature-time conditions of recovery in Fe-Co alloys and the ini- 

tial stages of recrystallization in Fe-Co and Ni-Fe alloys. 

We chose a number of specific indications appearing in the diffraction pat- 
terns to characterize the development of the recovery and recrystallization pro- 
cesses. The beginning of recovery, which is associated with removal of stresses 
of the second kind and distortions of the third kind, should be characterized by 
decrease in the width of the band formed by merging of the doublet lines and in- 

crease in the intensity of the band. In view of the fact that slow relief of 
the stresses may occur even at a low temperature, it is difficult to note the 
precise beginning of the process. Hence as indication I, characterizing the ini- 
tial stage of recovery, we took the appearance of peaks in the microphotometric 
trace of the Kd doublet. 

Upon completion of recovery, the stresses of the second kind produced by 
cold deformation should be wholly relieved. Hence as indication II, character- 
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izing the termination of recovery, we chose complete separation of the Kq doublet 
i.e., the appearance of two distinct peaks, corresponding to discrete lines, in 
the photometric trace. In this state the size of the grains and mosaic blocks 
should not exceed 1074 cm on the average. 

The beginning of recrystallization is characterized by the appearance of 
grains having dimensions exceeding 1074 om. The corresponding indication III 
was therefore taken as break-up of the continuity of the lines, i.e., appearance 
of discrete interference spots. 


Further development of agglomerative recrystallization in the stage when the 
grains attain dimension exceed 


c *~Fig.2. Micro- ing 1073 cm was characterized 
ea ene photometric trace by indication IV, namely, com- 
paeaees Pe ee of patterns from plete break-up of the lines, 
alloys annealed that is, the appearance of 
yi fe =| from 30 min at only discrete interferences 
pare on Bae 400°, at the former locations of 


the lines. 


Co, % 


Annealing 
conditions 42 50 | 65 


650°—2 hr 


650°--4 hr 


650°—8 hr 
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Fig.3. Diffraction patterns obtained by transmission forward from cold deformed 


Fe-Co all 
ene oys with 42, 50 and 65% Ni & pure Ni after different heat treat- 
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ing time) 65 70 75 | 80 nik 


350° 


Fig.4. Diffraction patterns obtained by transmission forward from cold deformed 
Ni-Fe alloys with 65, 70, 75, 80 Ni and pure Ni after different heat treatments. 


The diffraction patterns for investigating recovery were recorded in RKE 


cameras by Co radiation with rotation of the specimen. For investigating re- 


ms & 


erystallization, the patterns were recorded in KROS cameras without rotation 
(Co radiation) and also by transmission forward in texture cameras using Mo 


radiation. 
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The microphotometric curves for alloys with 42, 50 and 65% Co by weight, 
annealed for 30 min at 400° are juxtaposed in Fig.2. The doublet peaks are 
clearly discernible in the curve for the 50% Co alloy; they are somewhat less 
clear in the curve for the 42% Co alloy and are entirely effaced from the curve 
for the 65% Co alloy. 

The accelerated recovery in the 50% Co alloy can best be seen from diagrams 
in which the annealing times at 350° necessary for the appearance of the peaks 
in the microphotometric traces are plotted against the percentage of Co in the 
alloy. 
ae distinctive features of recrystallization of the alloy of stoichiometric 
composition are clearly evinced in the diffraction patterns obtained by the for- 
ward transmission technique. A series of such patterns is reproduced in Fig.3. 
In the deformed state the specimens had a clearly pronounced texture. The defor- 
mation texture completely disappears and is replaced by discrete interference 
spots from individual grains in the alloy with 42% Co after annealing at 700° fon 
15 min and in the alloy with 65% Co after annealing at 700° for 5 min, whereas 
in the alloy with 50% Co the deformation texture does not fully disappear even 
after annealing at 800° for 1 hour. 

Our results for recrystallization of Fe-Co alloys were compared with the 
transition boundaries detected by Masumoto, Saito & Shinozaki! by the specific 
heat measurement procedure. It was established that the temperature boundaries 
of the initial states of recrystallization as determined from the diffraction 
patterns pass through a maximum in the region of the stoichiometric alloy. It 
should also be noted that the temperature of beginning of recrystallization dif- 
fers little from the temperature of the order-disorder transition. 

In alloys with 35, 43 and 50% Co the course of the recovery process differs 
from that described for the alloy with 65% Co. Thus, for example, for the alloy 
with 35% Co in the case of annealing of 500° the Ka] and KO5 peaks appear after 
a holding time of 30 min; with further increase of the holding time the width of 
the doublet again increases somewhat, while the dip between the peaks is smoothed 
out. An analogous effect was observed in annealing at 600°. In neither case 
were there any indications of recrystallization. In contrast, upon annealing at 
700° the recovery goes to completion and there become evident indications of the 
initial stage of recrystallization. 

Detailed investigation of the temperature region of effacement or reblurring 
of the doublet showed that this region coincides with the boundary of the low 
temperature "'c'' transition detected by Masumoto, Saito & Shinozakil. Dilatometri 
studies and measurements of the resistivity carried out by Kadykova & Selisskii2 
and Zueva? in our laboratory as well as measurements of the resistivity, specific 
heat, heat of transition and magnetic properties performed by Jokoyama4 indicate 
that these physical properties undergo a change in the temperature region of re=- 
blurring of the doublet. There have been as yet no structural studies of this 
transition and hence its nature is not clear. 

A series of diffraction patterns showing the course of recrystallization in 
Ni-Fe alloys is reproduced in Fig.4. 

In Fig.5 the temperatures of the initial stages of recrystallization as 
determined from the diffraction patterns are compared with the temperature boundé 
ry of the order-disorder transition found by Chevenard & Josso> in their dilato- 
metric experiments. It will be evident that both curves characterizing the re- 
crystallization temperature exhibit maxima. The maximum of the upper curve, whic 
is more characteristic of the course of agglomerative recrystallization lies in 
the region of the stoichiometric composition of the alloy. 

It is interesting to note that the alloy with 65% Ni is characterized by a 
greater rapidity of the recrystallization process, but that recrystallization 
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texture is not evident in this alloy. 
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INVESTIGATION OF PHASE TRANSITIONS IN Cu-Sn ALLOYS 
- M.I. Zakharova & I.B.Mogarycheva 


There has been extensive research on the mechanism of decomposition of 
supersaturated solid solutions. In particular, there have been many investiga- 
“tions of decomposition in aluminum alloys. It has been established in these 
studies!-4 that in Al-Cu, Al-Ag, Al-Zn and other alloys there form during the 
initial decomposition stage Guinier-Preston zones which are characterized by 
coherent coupling with the matrix lattice. In other alloys, for example, in 
Al-Cu-Mg alloys’, the new phase appears directly in the form of three dimension- 
al crystals. In studying eutectoid transformations in alloys a number of au- 
thors§-10 determined the phase composition of the transformation products, the 
sequence of phases, and their orientation. 

The purpose of the present work was to investigate the mechanism of the ini- 
tial stage of the eutectoid transformation and the B —» 6B + @ transformation in 
copper-tin alloys. 

Isaichev & Kurdyumov® » 7 showed that in the case of Cu-Sn alloys containing 
from 25 to 28% Sn* one can obtain the B-phase in the disordered state by quench- 
ing at room temperature. At a temperature of 700° the B-phase, according to the 
x-ray diffraction studies of Hendus & Knédler!1, is characterized by an ordered 
arrangement of the atoms. 

For the present study we prepared alloys of copper with 25.5, 27.8 and 30.5% 
tin, obtained single crystals of these alloys and investigated their structure 
immediately after quenching from 600°, In addition, we prepared a single crys- 

tal of Cu + 32.6% Sn alloy (y-phase). The Cu + 27.8% Sn alloy was used for in- 

vestigating the eutectoid transformation at annealing temperatures of 350° and 


*Here and below all percentages are by weight. 
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400°; the Cu + 25.5% Sn alloy for in- 
vestigating the 8 ~ B + @ transition 
at 550°. The investigations were car=- 
ried out by the method of x-ray dif- 
f fraction with the crystal specimens 
stationary and being oscillated, the | 
pattern being recorded both with poly- 
chromatic and monochromatic Mo radia- 
tion at a tube potential of 40 kv. 
The monochromatic radiation was ob- 
tained by reflection from a penta- 
erythritol crystal. A zirconium fil- 
ter was used in recording the oscil- 
Fig.1. Cu + 25.5% Sn alloy; [001] B-phase lation patterns. 
axis parallel to the beam; quenched from The structure of the copper al- 
600°, Polychromatic Mo Ka radiation. The loys with 25.5, 27.8 and 30.5% Sn was 
indices identify B-phase spots; the 7's - investigated by recording Laue pat- 
y-phase spots. terns from single crystals oriented 
with the fourth order [001] axis parallel 
40? «4 to the beam (Figs.1 & 2). A Laue pattern 
cant of the y-phase (32.6% Sn) single crystal 
; oriented with the [001] axis parallel to 
the beam is shown in Fig.3. 

It will be evident that in the pat- 
tern for the Cu + 25.5% Sn alloy (Fig.1) 
there are clear diffraction maxima (spots)! 
associated with the S-phase and a small 
number of weak diffuse spots (identified 
by y's) which as regards position coincide 
with the intense spots characteristic of 
the low temperature y-phase. It is evi- 
dent, therefore, that in this alloy the 
B-phase persists after quenching and that 
there are also evident diffraction effects 
associated with the initial stage of sepa- 
ration of the y-phase. This y-phase sepa- 
ration occurs either in the process of 
Fig.2. Cu + 27.8% Sn alloy; [001] B- quenching or at room temperature during 
phase axis parallel to the beam; the recording of the pattern. 
quenched from 600°. Polychromatic In the Laue pattern for the Cu + 27.8 
Mo K@ radiation. The indices identi- Sn alloy (Fig.2) the diffraction effects 
fy B-phase spots; the y's - y-phase indicating separation of the y-phase are 


Spots. | The arrows point to two- appreciably stronger. The number of spots 
dimensional diffraction streaks from corresponding to the regular y-phase maxi- 
the continuum. ma is greater (than in Fig.1) and they are 


considerably sharper. Moreover, there are 
present in the pattern weak zonal streaks characteristic of the initial stage of 
decomposition of the solid solution. In the Cu + 30.5% Sn alloy the B-phase de- 
composes to an appreciable extent in the process of quenching. The pattern of 
this alloy is similar to the Laue pattern of the B-phase. The Laue pattern of 
the Cu + 32.6% Sn alloy crystal was used as the standard pattern characterizing 
the arrangement of the low temperature y-phase spots in studying the initial 
Baer of eutectoid decomposition of the B-phase. The characteristic B-phase 
spots appearing in the patterns of the i 

See es p quenched alloys with 25.5 and 27.8% Sn 


aA 


o 


PENSE ATT ee yee 
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. The eutectoid transformation of the 
— © B-phase in the Cu + 27.8% Sn alloy was in- 
~~ = vestigated after annealing at 350° for 
% C) periods of from 1 to 30 min and at 400° 
= mee for 30 sec to 2150 hours. The changes 
! in structure after different annealing 
a times were determined from Laue patterns 
obtained with two orientations of the 
SS, crystal, namely, one with the [001] 6 
£ _ axis and the other with the [011] B-phase 
axis parallel to the beam. 
The patterns for the quenched Cu + 
+ 27.8% Sn alloy in the two above mention- 
ed orientations are shown in Figs.2 & 4. 
The diffraction pattern changes substanti- 
ally after 1 min annealing at 350°: there 
Fig.3. Cu + 32.6% Sn alloy; [001] 7- appear many new comparatively sharp spots 


phase axis parallel to the bean. in the positions of the characteristic y- 
Polychromatic Mo Kq radiation. y- phase spots. At the same time some of the 
phase spots circled. B-phase maxima are diffused and weakened, 


while others disappear entirely owing to 
deformation of the matrix. In addition there is a noticeable increase in the 
number and intensity of the zonal streaks.!2 after 10 min annealing at 350°, 
there appear in the patterns new diffraction effects in the form of a pair of 
spots connected by a continuous band of low intensity. Their appearance is con- 
nected with the initial stage of separation of the Q-phase. When the holding 
time at 350° is increased to 30 min the diffraction effects associated with sepa- 
ration of the @-phase become more intense. In the Laue pattern (Fig.5) and in 
the pattern obtained with monochromatic radiation (Fig.6), but virtue of orienta- 
tion of the [011], axis parallel to the beam and mutual orientation of the a and 


trod 


Fig.4 aca 


Fig.4. Cu + 27.8% Sn alloy quenched from 600°; [011] 5 axis parallel to the beam. 
Polychromatic Mo K@ radiation. 
Fig.5. Cu + 27.8% Sn alloy annealed at 350° for 30 min; [011] g axis 
parallel to the beam. Polychromatic Mo Ka radiation. The arrows 
point to indications of separation of the Q-phase. 
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Fig.6 Fig.7 


Fig.6. Cu + 27.8% Sn alloy annealed at 350° for 30 min; [011], axis parallel to 
the beam. Monochromatic Mo KQ radiation. 
Fig.7. Cu + 27.8% Sn alloy annealed at 350° for 30 min; [oo1] , axis 
parallel to the beam. Monochromatic Mo KQ@ radiation. 


8 phases, there are evinced almost undistorted annular regions of the (111) plane 
of the Q-phase reciprocal lattice. Calculations of the coordinates in the reci-. 
procal lattice for the spots identified by arrows in Figs.5 & 6 yields coinci- 
dence with the points of the reciprocal lattice of the Q-phase oriented two ways: 
relative to the B-phase, namely, 


il (111) q||(110) , and 2. (111) Q||(110) 
[110] q|I[212] 5 [202] 4{)[211] : 


After 30 min annealing at 350° the number of y-phase spots increases; at 
the same time the B-phase spots, which after annealing for 20 min were diffused 
and weakened, again become sharp. Inasmuch as the y-phase lattice is a B super- 
structure with a period a, = 6a,, all the B-phase spots coincide with the y- 
phase maxima. Hence all the sharp spots, which were weakened and diffused after 
1 and 2 min annealing, should be interpreted after 30 min annealing as being as- 
sociated not with the B-phase but with the y-phase, forming in ample amounts 
during this period. 

Annealing of the alloy at 400° for 30 sec, 20 min and 2 & 6 hours leads to 
results similar to those obtained after short term anneals at 350°. The only 
difference is that the changes occur more rapidly. Whereas at 350° the first 
indications of formation of the Q-phase are observed only after 10 min, at 400° 
they appear after 5 min. 

After 11 hours annealing at 600° all the y-phase spots, including those 
which coincide with the B-phase maxima, become sharp. After 11, 53 and 152 hour: 
annealing at 400° the diffraction effects associated with the Q-phase are charac: 
terized by a redistribution of the intensity along the bands connecting the char- 
acteristic pair of spots; this is particularly clearly evident in the pattern ob- 
tained with the crystal oriented with the second order B-phase axis parallel to 
the beam. The intensity redistribution ceases after 513 hours annealing; there 
form characteristic texture maxima. ; 


- 631 - 


: Thus in the initial stage of precipitation of the Q-phase the pairs of spots 
connected by a weak band in the patterns of Figs.5 & 6 correspond to two crystal- 
lographic orientations of the Q-phase crystals, namely, [110] 4 || 22 and 
$101] g l[ [222] in each of the (110) planes of the B-phase lattice. The intensi- 
ty redistribution along the bands connecting the spots occurs as a result of sepa- 
ration at later stages of aQ-phase crystals oriented at different angles in the 
interval between the two rigorous crystallographic orientations; this is what 
leads to the formation of texture spots with scattering Ad = 10°. 

Further annealing at 400° to 152 hours leads to the appearance of a large 
number of small spots from recrystallized grains with retention of the symmetry 
of the initial diffraction pattern. After 2150 hours of annealing the symmtery 
of the diffraction pattern is destroyed owing to more complete recrystallization. 

Investigation of the initial stage of the eutectoid transformation in copper 
alloys with 27.8% Sn after 2 min annealing at 350° was also carried out by ana- 
lyzing the shape and location of the anomalous scattering regions in the space of 
the B-phase reciprocal lattice.13 The crystal was oriented with the [100], di- 
rection parallel to the rotation axis of the goniometer head. With successive 
rotations of the crystal in steps of 2-5° from the initial orientation with [001] 
parailel to the beam to the orientation with [011] parallel to the beam there 
were evinced two groups of spots persisting in the patterns in a rather wide range 
of rotation angles (12-189). The spots numbered 1,2,3,4,5 and 6 in Fig.7, when 
the regions of anomalous scattering are plotted in reciprocal space, yield linear 
arrays parallel to the [010] direction.12 This group of spots persists in the 
patterns with rotation of the crystal through a range of angles including the 
orientation with [001] parallel to the beam. The spots numbers 7,8 and 9 in 
Fig.6 persist in the patterns in the interval of rotation angles including the 
orientation with [011] 5 parallel to the beam and in reciprocal space yield arrays 
parallel to the [011], direction.12 After 30 min annealing at 350° the regions 
of anomalous scattering plotted on the basis of displacement of spots 5,6,7,8 and 
become shorter. Spots 5 and 6 as before yield a linear array parallel to [010] g; 
spots 7, 8 and 9 give arrays parallel to [or], On the other hand, the arrays 
‘plotted for spots 1,2,3 and 4 transform into short equiaxial regions character- 
istic of the separation of three-~dimensional dispersed crystals. 

All the constructions of the region of anomalous scattering pass through 
points of the y-phase reciprocal lattice and are, consequently, associated with 
formation of y- or y'-phase nuclei. The attainable degree of accuracy in con- 
structing the regions of anomalous scattering in reciprocal space does not allow 
of distinguishing between the similar y- and y'-phases. 

In the oscillation pattern from quenched Cu + 27.8% Sn alloy there already 
appear clear if somewhat weak layer lines of the 7-phase, which indicate that : 
separation of y- or y'-phase nuclei occurs in the alloy either in the process o 
quenching or at room temperature during the period of recording the patterns. : 
When the alloys with 25.5 and 27.8% Sn are held at room temperature for severa 
months the intensity of the y-phase spots in the Laue patterns increases uk there 
appear zonal streaks from the continuum, which indicates that eee ag ae 
undergo aging. The rate of decomposition of the B-phase increases wit Cc 
i ent. 
ay pogo + Q@ transformation was investigated in the Cu + Se uae 
after annealing at 550°. After annealing for 2S min there appear in = port 
patterns indications characteristic of separation of the Q-phase, namely, p ‘ 

; ted by a continuous band. Similar effects also appeared in the 
of spots connec ¥ ; There also appear in the patterns 
alloy with 27.8% Sn after annealing (Fig.5). e diate 

weak and diffused y-phase spots owing to separation of the y-phas 

cess of quenching or at room temperature during exposure. 
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Investigation of separation of the a-phase in the B —>B + @ transition in 
the alloys with 27.8% Sn showed that the diffraction effects associated with sep 
ration of the Q-phase differ markedly from the effects of separation of the y~- 
phase, which facilitates analysis of the process of eutectoid transformation of 
the ®-phase from patterns for stationary single crystals. The results substanti 
ate our deduction regarding associated of all the regions of anomalous scatterin, 
with points of the reciprocal lattice of the y-phase after annealing of the allo: 
with 27.8% Sn at 350° for 2 min. 

Analysis of the diffraction patterns of alloys with different percentages o: 
tin and the results of plotting the regions of anomalous scattering with referen: 
to a large number of diffuse spots give reason to infer that the y- (or y'-) pha: 
even in the initial stage of decomposition of the B-phase is separated in the fo: 
of rather highly dispersed three-dimensional crystals. Owing to the dispersion « 
the y- (or y'~) phase crystals the points in the reciprocal lattice of the 7- (0: 
y'-) phase are somewhat broadened and hence must be regarded as small regions 
rather than points. Owing to the fact that the period of the y- (or y'=) phase 
reciprocal lattice is small, the regions of anomalous scattering from neighboring 
sites are not entirely separate and hence there obtain cylindrical regions (line- 
ar arrays) which are essentially chains of individual small anomalous scattering) 
regions. The overlapping of the anomalous scattering regions is evinced to the 
greatest degree in the direction perpendicular to that about which the crystal i; 
rotated. Hence when the crystal is rotated about the [001] direction, the re- 
gions of anomalous scattering are oriented parallel to the [010], direction, whi: 
when the crystal is rotated about the [011], direction the regions are oriented 
parallel to [011] ,. 

Superposition of the regions may also occur as a result of turning of the 
blocks into which the crystal is fragmented during decomposition of the B-phase. 


Solid State Physics Section, Physical Faculty, 
Moscow State University 
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CHANGES IN MOSAIC STRUCTURE OCCURRING INCIDENT TO AGING OF A NICHROME BASE ALLOY 
- L.Kh.Pivovarov & Ya.S, Umanskii 


The mosaic structure is an important factor where the real strength of metals 
and alloys is concerned. It has been shown in a number of investigations that the 
increase in strength observed incident to plastic deformation! , phase hardening“ 
and deformation aging? is due to fragmentation of the mosaic blocks. Umanskii's 
hypothesis4# regarding fragmentation of the blocks during aging has been substanti- 
ated experimentally? for alloys of copper and nickel with beryllium. In these al- 
loys, in addition to fragmentation, there also occurs an increase in misalignment, 
i.e., increase of the angles by which the blocks are rotated relative to each 
other.6,7 

In the present work we studied the changes in the size of the blocks and their 
relative angles during aging of EI-437A type nichrome alloy at 750°C. 


Samples and Procedure 


The investigated samples, 40 mm in diameter and 3 mm in length, were cut from 
rods of EI-437A alloy having the following composition (percent by weight): Cr - 
21.1, Al - 0.76, Ti - 2.47, C - 0.045, Mn - 0.33, Fe - 0.32, Si - 0.58 and Ni - 
remainder. The samples were heat treated in a hydrogen atmosphere. Most of the 
samples were quenched in water after 8 hours heating at 1080°; the samples used 
for investigating the disorientation of the blocks were further heat treated to 
obtain a coarse grain (1-2 mm) by quenching in water after holding for 16 hours 
at 1250°. The thin oxide coating formed on the surface of the samples during 
quenching was not removed; it served as protection against further oxidation dur- 
ing the aging. The x-ray patterns were recorded with Cu Kq@ radiation on an URS- 
50I diffractometer (ionization recording). 

For the coarse crystal specimens we recorded rocking curves from individual 
crystallites. Specifically, we investigated reflections from the (111) planes. 
By virtue of the use of a wide slit, the entire interference spot entered the 
counter window. The complete acceptance of the spot was checked with the sample 
in the position corresponding to maximum intensity by means of a transverse split 
moved vertically by a micrometer screw. 

The precise positions of the sample at which an interference spot was aligned 
with the counter window were recorded and duly noted. Owing to the coarseness of 
the grain no more than 5 to 8 spots could be detected over the entire surface of 
the sample; hence there was obviously no superposition of the reflection spots. 
The rocking curves were recorded with the counter stationary; the sample was ro- 
tated at the rate of 0.25 degrees per min through the reflecting position. The 
counter outputs were recorded on the chart of a registering voltmeter. 

By way of width standard we used a calcite crystal which had an almost per- 
fect structure. The successive measurements (including hardness determination) 
to follow the process of aging were carried out on the same samples. 


Results and Discussion 


Even in the freshly quenched state the average angle of disorientation of 
the blocks (as the measure of which we took the integral half-width of the rock- 
ing curve) differs substantially in different crystallites (see figure): it varies 
from <1' (in grain No.1) to 36' (in grain No.5). Moreover, grains Nos.4 & 5 yield 
rocking curves of complex shape, consisting of two incompletely resolved peaks. 

It may be assumed that there occurred some decomposition of the solid solution in 
these grains even during quenching. 
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Variation in the shape of the rocking curve from (111), the average disorienta- 
tion angle y and the integral intensity I of the rocking curve during aging at 
750° for individual grains of EI-437A alloy. 


The rocking curves of individual crystallites change in different ways in 
the process of aging. In grain No.4 the size of the blocks, as indicated by the 
integral intensity of the curve, does not change up to 20 hours of aging; the 
angle of disorientation increases only slightly. After 20 hours of aging the 
integral intensity of the curve increases, which indicates some fragmentation of 
the blocks (the angle of disorientation, however, does not change). In grain 
No.5 no growth of the blocks is apparent up to 8 hours aging, but after 3 hours 
aging the angle of disorientation increases sharply and the character of the 
curve changes; at the end of 20 hours aging grain No.5 no longer reflects, pre- 
sumably because of splitting into two separate grains. ) 

The effects of aging are most strongly evinced in grains characterized by 
a perfect structure after quenching. Thus in grain No.1 the angle of disorienta 
tion increases markedly over 8 hours of aging. There appear in the rocking curv 
two clearly pronounced peaks, which is presumably indicative of the formation of 
a sub-boundary extending across the entire grain. At the end of 50 hours the 
grain divides into two parts which yield independent spots. The changes in the 
rocking curve for grain No.3 are similar but somewhat less pronounced. 

As in grain No.l, in grain No.2 the angle of disorientation increases marke 
ly after 8 hours aging. The rocking curve acquires a complex shape consisting a 
three peaks and retains this appearance up to 50 hours. With further increase c 
the aging time the angle of disorientation changes little but there is substanti 
al fragmentation of the blocks. For quantitative evaluation of the change in 
block size in this grain we assumed that after 50 hours of aging the intensity c 
the curve corresponds to the ideal mosaic case. 


Darwin's formula which takes into account both primary and secondary extinc 
tion can be written in the form 


tanh nq 4 


Lpihea= SS 
/Inos ng 1. £9 tanhng ’ 
Im nq 
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Variation in block size in grain where the first factor characterizes the pri- 


No.2 of the EI-437A alloy during mary and the second factor the secondary ex- 
aging at 750° tinction. 


Extinction If we assume that the blocks are charac- 
Bebsing i ns Site ee terized by a Gaussian distribution about the 
dary mary , median direction, the coefficient of secondary 
extinction is given by g= 1/2/n-n (n is the 
0 0,45 |0,95 [0,457] 3 average angle of disorientation in the grain. 
: oe nbees Wes oes Knowing n and I/Ino5, the ratio of the inte- 
20 0:87 |0/975 07893 0°3 gral line intensities of the sample and the 
50 Taken as 1 0,2 ideal mosaic standard, we can determine the 


block size by means of the above formula. The 
results of calculations (see table) show that 
secondary extinction has virtually no influence on the intensity and that almost 


the entire change in intensity is due to change (i.e., decrease) in block size 
during aging. 

The results of our investigation of the integral intensity of the (111) line 
of medium grain samples have been published earlier.8 It was shown that in the 
case of aging at 750° the intensity increases with increase of hardness up to 90 
hours. At 880° the intensity changes in parallel with the hardness. With over- 
aging both the hardness and intensity decrease simultaneously. Since owing to 
the small difference in periods, the line of the precipitated phase cannot be sepa- 
rated from the solid solution line, the observed changes in intensity can be at- 
tributed to primary and partially to secondary extinction - changes in the size of 
the blocks and the angles of their relative rotation. 

Summarizing the results of our investigation of block structure by both pro- 
cedures it may be asserted that during aging of the EI-437A alloy there occurs 
fragmentation of the blocks of the solid solution and/or increase in the angle of 
their disorientation. This differentiation of the block structure is undoubtedly 
an important factor in age hardening. 
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STRUCTURAL CHANGES IN Ni-Be ALLOY AFTER AGING AND HIGH TEMPERATURE ANNEAL ING* 
- N.N. Buinov 


With a view to elucidating the changes occurring in the matrix of super- 
saturated metallic solid solutions incident to aging and high temperature anneal. 
we investigated the behavior of Ni-Be alloy (1.9% Be) by the coarse-grain speci-; 
men x-ray diffraction technique. 2 

Aging of the Ni-Be alloy at 425-500°C (10-15 min) leads at first to the ap-: 
pearance of anomalous two-dimensional diffraction effects in the patterns record 
ed with both characteristic and white’ radiation. With increase of the aging 
time, the intensity of these effect rapidly increases. From many of the two di-- 
mentional diffraction spots there emerge diffuse bands - "tails" of characteris-- 
tic radiation (these are indicated by the arrows in Fig.1). 

Analysis of the patterns showed that the rod-like regions of anomalous scat: 
tering, corresponding to the two dimensional diffraction effects, are parallel 
to “1105 in the reciprocal lattice. The diameter of many of these regions in- 
creases with distance from the reciprocal lattice points. The appearance of the: 
"tails'’ and the expansion in the diameter of the intensity flare-ups indicate 
that aging of the alloy is accompanied by rotation or angular spread of the mo- 
saic blocks. This is also indicated by the diffuse character of most of the two: 


Pigee 


Fig.1. Laue pattern of Ni-Be aged for 3 hours 35 min at 425° (nickel target). 
Fig.2. Laue patterns of Ni-Be alloy recorded after a) quenching from 
1100°, b) aging at 500° for 6 hours, c) aging at 500° for 8.5 hours 
and annealing at 750° for 5 hours, d) aging at 500° for 8.5 hours and 
annealing at 750° for 25 hours, e) aging at 500° for 3.5 hours and an- 
nealing at 750° for 25 hours and at 800° for 18 hours. Patterns a and 
b were obtained with a nicke] target; patterns d and e with an iron 

and copper target, respectively. 


dimensional diffraction spots. Near any given Laue spot th i : 
one sharp two-dimensional effect; of the total inane otrectal(re Le 
two dimensional effects near 32 Laue spots) the fraction of sharp ones does not > 
exceed 1/4 to 1/5. In view of the above said, it may be assumed that rotation 
of the blocks in the crystals occurs primarily about one of the <110> directions 
(we plan to check this assumption by more careful construction of the regions of} 
anomalous scattering). According to an investigation carried out by Elistratov? 
eae ags Cian en the investigated stage of decomposition in Ni-Be alloy ther: 
s elastic rotation of the mo c 
spelen ln oespece aaa hs rc saic blocks, which is readily eliminated by sho 


See ee re ce Ae fe See SED See Ge ee Ge Moe re Ge moe Oe 


*The present communication is a continuatio 
n of our previous report!. 
experimental part of the work was performed in collaboration with L rece 


» pe Je FO ae ae 
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‘ After longer aging of the Ni-Be alloy (8-10 hours at 500° and 50 hours at 
425°) the Laue spots disappear from the patterns and instead there appear Debye 
rings (nodules are discernable in microphotographs). At this stage the crystal 
breaks up into blocks which are greatly and inelastically disoriented relative 
to each other and which yield separate interference spots. 

Subsequent annealing of overaged Ni-Be alloy samples leads to appreciable 
changes in the patterns. This is evident in Fig.2 in which we reproduce a series 
of Laue patterns obtained after quenching, aging and high temperature annealing 
(the position of the specimen in the camera was the same in all cases). 

Even high temperature annealing for a prolonged period did not result in 
complete restoration of the Laue spots and disappearance of the Debye rings. Af- 
ter annealing the rings changed from continuous to interrupted lines consisting 
of sharp irregularly distributed small spots. At the location of anomalous ef- 


fects these spots are grouped closer together and tend to merge with each other 


forming diffuse interferences of high intensity with a shape reminiscent of the 
earlier (vanished) anomalous effect (these spots are identified by the single- 
tail arrows in Fig.2, c,d & e). At the same time there is some restoration of 
the old Laue spots (double-tail arrows in Fig.2,c,d & e). As compared with the 
original spots, however, the restored spots are considerably more blurred in the 
radial direction. 

The results of our experiments show, on the one hand, that in aged Ni-Be 
alloy, as in Cu-Be, high temperature annealing results in restoration of the ini- 


tial crystallitesand that in these crystallites there are extremely stable dis- 


tortions yielding two dimensional effects in the x-ray patterns, and, on the 
other hand, that restoration of the initial crystals proceeds even when they were 
initially fragmented into inelastically disoriented blocks. In the last case, 
naturally, the restoration process is slower. 
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X-RAY DIFFRACTION STUDIES OF ALLOYS OF RHENIUM WITH MOLYBDENUM 
- N.V.Ageev & V.Sh.Shekhtman 


Rhenium, which belongs in Group VII B of the periodic table and is therefore 
chemically similar to manganese, has been relatively little studied from the 
standpoint of its behavior in alloys. However, even the scanty data now avail- 
able give some indication of its interaction with the transition metals. In par~ 
ticular, it is known that with elements of Groups IV B, V B and BI B (Ti, Nb, Ta, 
Cr, Mo & W) rhenium forms metallic compounds of two kinds with B-U (o-phases) 
and Q-Mn (X-phases) type crystal lattices. 

As a rule, rhenium does not form intermetallic phases with the metals of 
Group VIII, which presumably indicates that as regards its electronic structure 
Re is closer to elements of this group. Metallic compounds with Re, known as 0 
and X-phases, have been detected in a number of binary and ternary systems of the 
transition metals. The nature of these phases, which have related structures, is 
as yet unclear. Hence we felt it would be of interest to investigate the condi-: 
tions of formation and the structure of the o- and X-phases in binary systems wit 


0 10 20 30 40 Re,at.% 


Fig.2. Variation of the lattice para- 
Fig.1. Re-Mo phase diagram. meter of solid solutions of Re in Mo. 


For the purposes of the present study we chose the Re-Mo system in which 
both the above mentioned phases have been detected by a number of authors. To 
determine the regions of existence of the phases and separation of the alloys we: 
undertook an x-ray phase analysis of the system.* The diffraction patterns were: 
recorded from powder specimens in an RKD camera using Cu KQ@ and Cr KQ@ radiation. 
The lattice parameters of the solid solutions were determined on the basis of the 
(400) line with reference to a Pt standard from patterns recorded in a KROS came2 
a by Cu KQ radiation. | 

The phase analysis data are shown in Fig.l. It will be seen that there are 
four single phase regions corresponding to two solid solutions (Re-base and Mo- 
base) and two metallic compounds. The solubility limit of Re in Mo was determin: 
a from the variation of the solid solution lattice parameter. The plot of Fig 

shows that the solubility of Re in Mo falls off from ~30 : 
v atomi 
to 24 atomic percent at 11009, er percsnt Saal 

The homogeneous O-phase region corresponds to the Re concentration range 
from ~50 to 70 atomic percent. Lines characteristic of the O-phase are already 
peel ee ee recorded from cast specimens, which indicates that this phas 
is forme rom the liquid state. The o-phase is stable i 
ST a e in the investigated tents 

The parameters of the tetragonal o-phase lattice calculated from the dif- | 
fraction patterns proved to be a= 9.54 A and c= 4.95 A, which is in agreement 
with the data in the literature. A number of 0.1-0.2 mm single crystals were 
picked out of the o-phase powders. The crystallographic orientations were de- 


*The phase analysis was carried out on samples prepared in Labor 
: ato No.12 o 
our Institute and was part of the general program of constructing phases ae 


- 639 - 


Table 1 termined from Laue patterns recorded in a KROS 
Ordering scheme of the o-phase camera using Mo and W radiations. 
of Re} gMo0j9 In the Laue patterns obtained for two posi- 
tions of the goniometric head differing by 90° 
Position| A B Cc one can clearly discern C,, (2) and C,(b) symmetry 
in the arrangement of the spots, which corresponds 
2 (a) 1 Re Re Re to diffraction class 4/mmm of the tetragonal sys- 
ae a Me Re gh Mone tem. The above unit cell dimensions were sub- 
8 GS yiV a Mo ‘ ke 4 stantiated by rocking patterns obtained in an RKV 
8 (7) V Mo | 4Re 4Mo| 4Re 4Mo camera using Cu Kq@ radiation. 
To investigate the question of ordering in 
Table 2 O-phase in the Re-Mo system, we calculated the 
Comparison of the calculated intensities of the 13 first lines for the case of 
and experimental intensity a disordered state and three possible ordering 
ratios schemes (Table 1) for the alloy having the compo- 


Intensi_ | Calculated Pypepi.  Sition RegMog (Re,gMo}9). The atomic coordinates 
ty gutta SIE | a aetad were assumed to be the same as for the o=-phase of 

| tic sae! FeCr. The preliminary results of comparison of 
calculated and observed line intensities give 
reason to assume that there is a tendency to or- 
dered arrangement of the Re and Mo atoms accord- 
int to scheme A of Table l. 

The other intermetallic compound (theX -phase), which has a cubic lattice of 
the Q-Mn type (a= 9.55 A), was detected in alloys containing ~70-85 atomic per- 
cent Re after annealing at 1850° and lower temperatures. The existence of this 
phase was subsequently confirmed by metallographic analysis. In addition, it was 
found that the composition vs hardness and composition vs resistivity curves ex- 
hibit characteristic breaks in the region of alloys undergoing peritectic decompo- 
sition with separation of the X-phase. 

In connection with the available data on ordering of the Y-phase in the Fe- 
Cr-Mo and Re-Ti systems, we carried out a tentative evaluation of ordering of the 

“X-phase of Re-Mo. The calculations were carried out for an alloy having a compo- 
sition corresponding to Re4gMoj9 on the basis of the XY-phase ordering scheme; 


: 1,4 2,9 2,8 
To9/ Toe 1,6 1,0 1,2 
8,2 3,0 


Position 2 (a) 8 (c) 24 (g,) 24 (go) 5 
Atoms Mo Mo Re Re. 


The atomic coordinates were assumed to be the same as in the Q-Mn cell. The 
calculated and experimental intensity ratios of a number of close line pairs are 
compared in Table 2. It would appear from these data that the ordered arrangement 
of Re and Mo atoms in the ¥-phase is more probable. 


"A a,Baikov" Institute of Metallurgy 
Academy of Sciences of the USSR 
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THEORY OF SCATTERING OF X-RAYS AND THERMAL NEUTRONS BY FLUCTUATION 


HETEROGENEITIES IN SOLID SOLUTIONS 
~ M.A.Krivoglaz & E,A,Tikhonova 


The aim of the present work is to investigate in the framework of kinematic 
theory the scattering of monochromatic x-rays and thermal neutrons by single cry 
tal solid solutions. We consider diffuse scattering by the static heterogenei- 
ties which are produced, first, by the difference between the atomic scattering 
factors of atoms of different types and, second, by geometric distortions connec* 
ed with the difference between atomic radii. We also consider the weakening of 
regular reflections connected with the difference between atomic radii. In con-- 
trast to other studies wherein geometric distortions were correctly taken into 
account only for weak and ideal solutions, herein we consider the general case 
of solutions of arbitrary composition with arbitrary values of the long- and 
short-range order parameters. Calculations have been carried out for binaryl 
and multiple component? sclutions. In considering distortions, we have explicit: 
taken into account the anisotropy of the crystal and its atomic structure. This 
(as well as taking into account departure of the solution from the ideal) enable 
us to bring out certain effects which are glossed over in the case of the famili. 
model of an isotropic continuun. 

The scattering intensity is calculated by the method of fluctuation waves ii 
which the intensity of diffuse scattering is expressed in terms of Fourier compo: 
nents of fluctuation of the composition and order parameters. This method has 
the advantage of simplicity. The fluctuation probability and, consequently, the 
scattering intensity are determined by means of the thermodynamic theory of fluc 
tuations, which allows of bringing out the intimate relation between the intensi: 
ty of diffuse scattering and the thermodynamic characteristics of the solution. 

For disordered binary substitutional solutions of the A-B type in which dis 
tortions of the lattice are not very large and deviations from Vegard's law are 
minor, the expression for the intensity of diffuse scattering of x-rays is 


7 ican — Me, |? 
ies is q 
foe eter Perla Fa eg im (1) 


where NV is the number of atoms in the crystal, eis a factor determining the 
intensity attenuation of regular reflections, connected with static distortions,, 
fy and fg, are the atomic scattering factors for A and B atoms, 7 is the mean ato: 
ic scattering factor, q, is the difference between the wave vectors of the scat- 
tered and incident waves, q=qi—2rK,, (where K, is the reciprocal lattice vector 
closest to the vector qi/2x), c, is the Fourier q component of fluctuation of the 
composition, a, is determined by the magnitude of the proportionality factor be- 
tween the concentration q-wave and the geometric distortion q-wave, and eis 
the unit vector directed parallel to the atomic displacements in the distortion 
wave. The quantities a, and e, Can easily be determined if we know the concen- 
tration dependence of the size and shape of the unit cell and the modulus of 
elasticity of the crystal; a, is a linear function of the derivatives of the lat: 
tice constant with respect to the atomic concentration c.4»2 For small Gy a 


depends on the direction but not on the magnitude of qe i 


In the case of ideal solutions is Pree ae and do 
scattering intensity distribution in Le (ine Peres space Aaeccee aan ny Al 
the bracketed factor in Eq.(1). Upon approach to a reciprocal lattice point ¥ | 
(q> 9), Ty tends to infinity as 9. Owing to the presence of the factor (que,)2 
in Eq.(1) the isodiffuse scattering curves in the reciprocal lattice crosseeees 


tion plane passing through a lattice point has a lemniscate-like shape, in accor 
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with the results of Huang3 obtained for the elastic model (the double product in 
(1) gives an antisymmetric term proportional to q*). Taking into account aniso- 
tropy in Eq.(1) leads to some change in the form of the curves and also to a dif- 
ference in their shape in the vicinity of different reciprocal lattice points. 
More significant, there may be a qualitative change in the scattering intensity 
distribution if we take into account terms which yield curves having an oval shape. 
These terms, not taken into account in (1), can appear in three cases, namely, 1) 
in taking into account fluctuations of correlation parameters in solutions wherein 
there are substantial deviations from Vegard's law, 2) in the case of a very great- 
ly distorted lattice (crystals bombarded with very fast particles, aging alloys 

at the initial stages of aging, etc.), and 3) in the case of interstitial alloys 
the isodiffuse scattering curves have an oval shape near the reciprocal lattice 
points if the interstitial atoms are located at nonsymmetrical interstitial sites 
of several kinds. Thus, for example, in the case of interstitial atoms in the 
octahedral pores of a body-centered cubic lattice close to the (110) site of the 
reciprocal lattice, the isodiffuse curves have an oval form, while close to the 
(100) site they have a lemniscate-like form. Interstitial atoms in the octahedral 
pores of a face-centered cubic lattice give lemniscate-like curves, while inter- 
stitial atoms in the tetrahedral pores near the (100) site give oval curves. 

In the case of non-ideal disordered solutions one has a choice of two types 
of expressions for (c,)?. One can represent (c,)?_ and, consequently, I, aS a func- 
tion of ¢ and the correlation parameters <(g) (here , is the lattice vector). Such 
an expression is particularly convenient for determining e (p) from the experimental 
distribution of the background intensity J, by means of the Fourier transform: 


a Az Tye" / _ ge -2 a 
(0) =— ger \da-H— ( fy fp — Taq an COS q 23 (2) 


here A is the volume of a unit cell; in integration q/2x takes on values lying 
in one of the reciprocal lattice cells. We note that the presence of the term 


an ge 
pg 


» which takes into account distortion, can substantially alter the numerical 


values of =(e) found without introducing a correction for geometric distortion. 
The above form of representing (ce? in terms of <(e) is convenient for deter- 

mination of e (p) from x-ray (or neutron) diffraction data, but is not convenient 
for calculating /,, inasmuch as the <(s) cannot be determined with adequate ac- 
curacy from independent experiments. Hence for determination of I it is more 
convenient to express (6)? by means of the thermodynamic theory of fluctuations 
in terms of thermodynamic functions. As a result, for small 7, i.e., in the 
vicinity of the reciprocal lattice sites, the expression for /, becomes 


N kTe—¥ — 41%, ‘ (3) 
le="B Feae top (lala at 


where o is the thermodynamic potential per unit volume and & is equal to kTA~/ 
in order of magnitude. Inasmuch as 6%9/dc2 is expressed in terms of the derivative 
of the chemical potential with respect to c, while a, can be determined from the 
data on the concentration dependence of the size and shape of the unit cell and 
the elasticity moduli; /, for small g can be calculated using only the data ob= 
tained from independent experiments and without introducing theoretical fitting 
parameters. Thus we have the possibility of carrying out a qualitative compari- 
é son of theory with experiment. The intensity distribution of diffuse scattering 
: by CugAu solution calculated in this manner is in agreement with the experiment- 
al distribution obtained by Borie4. 


vw 
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If ¢ is not small, the macroscopic formula for (c,)’, by means of which Eq. (3)) 


was derived, becomes inapplicable. In this case one must explicitly cone into 
account the atomic structure of the crystal and for determination of (c,) peaks 
use of some simplified solution model. In particular, in the usual pair inter- 
action model, To proves to be expressed in terms of the ordering energies vw, 
for different coordination spheres. The deduced formulas enable us by means of 
Fourier transforms to determine the ordering energy v, for different coordination 
spheres from the experimental data for /, (just as the aDONG mentioned formulas 
enabled us to determine e(p)) These formulas make it possible to devermine Ip as 
a function of the temperature, composition and w, for any 4. Taking into accoun 
the interaction only in the first coordination sphere, we find that for decompos- 
ing solutions (w<0), the background intensity increases near regular structure 
reflections upon establishment of short-range order, while for ordering solutions 
(w>0), J» increases near reciprocal lattice points which correspond to superstruc= | 
ture reflections that appear after ordering. 

Eq. (3) provides the possibility of investigating the interesting features of 
diffuse scattering that should occur near the critical point for decomposition. 
As is known at the critical point itself, 0%9/dc?—0. Inasmuch as §q? for small 4 
is small, this means that near the critical point the intensity of diffuse scat- 
tering should increase sharply in the vicinity of the reciprocal lattice sites. 
If geometric distortions are absent (4,=0), the shape of the J, vs q curve is de- 
termined by the factor (0%9/dc?+ 8g?) in Eq.(3) and the curve has a bell-like shape 
Upon approach to the critical point, i.e., as 06%9/dc?—0, the half-width of the 
curve decreases, while its height increases. If distortions are taken into ac- 
count, we have the situation where for small g¢ the term proportional to 7°? pre- 
dominates in the expression for ly and the coefficient in this term increases 
without limit upon approach to the critical temperature Tc. The temperature 
curve for the solution of critical composition for a given q exhibits a break at 
the point of the maximum at T = T,,. Moreover, the smaller ¢ the higher the /, 
peak. 

We also derived a formula expressing /, in terms of the concentration, the 
degree of long-range order and the correlation parameters for the case of solu- 
tions in the ordered state. In particular, the expression for the background 
intensity, associated with geometric distortions, near the reciprocal lattice 
sites has the same form as in the case of disordered solutions except that the 
mean atomic factor / is replaced by the structure factor f, corresponding to the 
reflection under consideration. For superstructure reflections, j;, is proportion 
al to n, the degree of long-range order; consequently, near superstructure re- 
flections the intensity associated with background distortions, like the intensi- 
ty of regular superstructure reflections, is proportional the 72 and disappears | 
above the transition temperature. In this case, however, there remains an in- 
Sone. background connected with the difference between the atomic scattering fac-- 

ors. 

We carried out a more detailed investigation of the scattering intensity for’ 
almost completely ordered solutions and solutions near the ordering temperature. 
There were also deduced formulas for the values of L, determining the weaken-- 
Seems Ons D ORES TY of regular reflections, associated with static distortions. 

at Lis approximately a linear function of the product of e({—c) and 
the correlation parameters <(e); typical here should be decrease of L upon estab- | 
lishment of the type of order characteristic of ordering solutions and increase 
of L upon establishment of the type of order characteristic of decomposing solu- | 
tions. Particularly noticeable should be the increase of £ near the critical | 
point of decomposition, inasmuch as in this case 
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For ordered solutions, it is essential to introduce different amplitude at- 
tenuation factors for sites of different kinds. Moreover, in the case of sub- 
stantial deviations from Vegard's law and in the presence of a high degree of 
short-range order in solutions with very different fx and f,, one must introduce 
different attenuation factors for the atoms of each kind. 


We note that the above results pertain equally to scattering of x-rays and 
to scattering of thermal neutrons. 
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FINE STRUCTURE OF SOME ALLOYS WITH ANOMALOUS CONDUCTIVITY 
- E.N.Vlasova 


Thomast reported observing formation of the so-called K state in iron- 
aluminum alloys containing from 3 to 10%* Al; this state is evinced by an anoma- 
lous increase of the resistivity as a result of annealing of quenched and deform- 
ed specimens. The structure of these alloys is a single phase solid solution 
with a body-centered cubic lattice. Annealed alloys containing 10% and more Al 
have an ordered Fe3Al structure. 

In the present work we attempted to use the most sensitive method of x-ray 
diffraction, i.e., diffraction by single crystals, to detect the redistribution 
of atoms in the disordered solid solution, leading to formation of the K state. 

For the investigation we chose alloys having the following compositions: 

1) the alloy with 10% Al which is located close to the boundary between the or- 
dered (Fe3Al) and disordered solid solutions; this is the alloy characterized 

by the maximum increase in resistivity incident to annealing, 2) two single- 
phase alloys containing 6 and 8% Al, and 3) the ordering alloy with 12% Al, which 
was taken for purposes of comparison. 

The oscillation and diffuse scattering patterns were recorded using mono- 
chromatic Mo Ka radiation. In the patterns for alloys with 10 and 12% Al quench- 
ed from 900° (Fig.1) there were evident greatly diffuse superstructure spots: 
(111) and (200) reflections. This indicates that the solid solution even imme- 
diately after quenching is not homogeneous. Apparently, the alloy consists of 


*All percentages are by weight. 
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Fig.2. Pattern of diffuse scattering 


Fig.l. Pattern of alloy with from a single crystal of the alloy 
12% Al after quenching from 900° with 8% Al annealed for 20 hours at 
(Mo KQ radiation). 300° (Mo KQ radiation). 


a disordered matrix with a statistical distribution therein of small ordered re- 
gions with the Fe3Al structure. 

Another possible explanation of the blurred superstructure reflections in 
the patterns from the quenched alloys is formation of a fine domain structure in 
the process of quenching. After annealing for 4 hours at 300°, there were evi- 
dent superstructure reflections at large angles in the oscillation patterns: 
(442) for the alloy with 12% Al and (420) for the alloy with 10% Al. The region 
with long-range order (distributed through the disordered matrix or forming a do 
main structure) grow in size during annealing at 300°. Even after prolonged an- 
nealing, however, the superstructure reflections do not become sharp. The dimen 
sions of the regions with long-range order determined from the width of the supe 
structure reflections proved to be 500 A for the alloy with 12% Al and 100 A for 
the alloy with 10% Al, annealed for 4 hours at 300°, Further annealing at 300° 
for 20 and 30 hours led to no significant increase in the size of the long-range 
order regions. We determined the lattice parameters in single crystals of the 
12% Al alloy with reference to the regular (620) and superstructure (442) reflec 
tions. The lattice parameter of the regions with superstructure is equal within 
the limits of the experimental error to the average lattice parameter of the sol— 
id solution determined on the basis of the regular reflections. It may be infer— 
red therefore that an ordered domain structure is established in the alloys with 
10 and 12% Al during annealing. 

The alloys with 6 and 8% Al were also investigated after quenching from 900@ 
and annealing at 300° for 30 hours. In the diffuse scattering patterns recorded 
with monochromatic Mo Kq radiation (Fig.2) there were evident diffuse maxima 
(spots) at the positions of the superstructure reflections. This indicates the 
existence of short-range order of the FejAl type; the degree of short-range or- 
der increases incident to annealing of the quenched alloy. 

We also recorded diffuse scattering patterns of the alloy with 8% Al at 
80°K. There are evident in these patterns diffuse intensity maxima passing 
through the regular sites of the reciprocal lattice of the solid solution; the 
intensity of these spots does not depend on the temperature. The structure of 
the alloys with a low aluminum content apparently consists of a disordered solid 
solution with small, ordered, Al enriched regions. 
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From a comparison of the data on the structure of the investigated alloys 
with the data on the variation in resistivity! we can draw certain inferences 
regarding the reasons for the anomalous variation of the resistivity in these 
_Fe-Al alloys. In the alloy with 10% Al annealed at 300° there forms an ordered 
domain structure with domain dimensions of the order of 100 A. The increase in 
resistivity in this case can be explained by increased scattering of the elec- 
trons at the domain boundaries, when the size of the domains becomes comparable 
with the electron wavelength. In the alloys containing 6 and 8% Al the change 


in resistivity is apparently connected with the formation of the above described 
inhomogeneous structure. 
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ON THE TRUE TEMPERATURE OF BEGINNING OF RECRYSTALLIZATION OF SUPERSATURATED 
SOLID SOLUTIONS 
- S.S.Gorelik 


It has been demonstrated!,2 that supersaturated solid solutions (aging al- 
loys) have an appreciably higher temperature level of recrystallization than 
Similar single-phase solutions of limiting concentration, i.e., solutions at the 
boundary of the supersaturated region in the phase diagram. It must be noted 
that we are speaking here of the temperature of beginning of recrystallization 
(tpr) as determined by conventional x-ray diffraction procedures, which detect 
the appearance of undistorted grains exceeding 1 » in size in the structure of 
the alloy. 

Elucidation of the reason for the high values of t,, in aging alloys is im- 
portant from the standpoint of the theory of alloys. The following two hypothe- 
ses offer plausible explanations for the increased temperature of the beginning 
of recrystallization: 

1. The process of decomposition of the supersaturated deformed solid solu- 
tion initiated by heating gives rise to diffusive relaxation of the strain in- 
duced stresses and thereby increases tyr. In this case tp, of aging alloys de- 
termined by conventional procedures is the true value of t,, just as in the case 
of single-phase alloys. 

2. When a supersaturated deformed solid solution is heated there occur two 
opposed processes, namely, softening owing to relaxation and recrystallization 
and hardening owing to aging. Separation of the second phase hampers the forma- 
tion of recrystallization nuclei and inhibits their growth. Moreover, these 
second phase segregations can produce phase hardening and elastic distortions in 
the lattice of the nuclei owing to the difference between the specific volumes 
of the segregated phase and the matrix. Both these effects produce changes in 
the x-ray patterns, microstructure and physical-mechanical properties which mask 
the initial stage of recrystallization and thus interfere with its detection by 
the conventional procedures, 213 If this is the case, the high temperature of 
the beginning of recrystallization of aging alloys is only apparent and the true 
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Characteristics of the investigated alloys 


Ib 
oO 9 
Alloy Composition Character tors : 
T 
melt 
Obes 0, wt Gi Saer 425 0,52 
Cu — Be Ben ty oy cee fee 500 | 0,68 
2428; Single phase 300 0,49 
Co=—an Sn { 3°80 ot Aging 300 0,5 
40—80—10 9% Single phase 500 0,48 
Cu — Ni — Co FO — A % ne Aging 800 0,75 
0,7 % Single phase 640 0,51 
Fe—W Wastes iy 3) at Aging 900 | 0,66 
Ni— Gr Cr 20 art, Single phase 600 OR Sy? 
Cr 20 % wt \ 
Ni — Cr — Al—Ti Pin 2D Viet Aging 900 |0,68—0,7 
I 0% J 


beginning of recrystallization temperature is appreciably lower than the value 
found by conventional procedures. 

To check these hypotheses we studied a number of copper, iron and nickel- 
base alloys.* The investigated alloys are described in the accompanying table. 
The alloys were deformed 50 to 70% and annealed for 1 hour at different tempera- 
tures. 

The tabulated data substantiate the above mentioned fact that t,,. of aging 
alloys determined by conventional procedures is appreciably (200-3009 in some 
cases) higher than in single-phase alloys of limiting concentration. 

To test the first of the above hypotheses we carried out the following ex- 
periment. Some of the Ni + 20% Cr (% by weight) samples after 40% deformation 
were heat treated (held for 5 hours at 425°) for maximum formation of the K state: 
which, as is known, is a diffusive process of formation of atomic segregations in} 
the lattice of the solid solution.“ The presence of the K state was checked by 
measuring the resistivity. Then the samples processed for K state formation and 
the other samples deformed without the special heat treatment were heated to de- 
termine tp;,. The difference between the tp, values for the two groups proved to 
be 10-15%. Thus with t = 15 min the samples deformed without K state heat treat-: 
ment recrystallized at 690°, whereas those heat treated for the K state recrys- 
tallized at 700°, For t = 30 min the corresponding values for tpr were 675 and 
690°, respectively, etc. Thus a certain increase in tpy owing to diffusive re- 
laxation of stresses actually does obtain, but this increase is small and cannot 
be the sole reason for the great difference in recrystallization temperature ob- 
served in going from single-phase to aging alloys. 

To check the second hypothesis we had recourse to a number of direct and in-: 
direct, x-ray and metallographic procedures: 

A. The method of investigating and comparing changes of the fine structure 
(microstresses and mosaic blocks) occurring incident to heating of deformed aging: 
and single-phase as well as nondeformed aged alloys. This method gives the ap- 
REEIRATS temperature at which all traces of strain distortions are removed, i.e. 

bre 

B. The microbeam method, i.e., the use of an x-ray beam some 0.1 mm in dia- 
meter, instead of the usual 0.8-1.0 mm employed in conventional recording of x- 
ray patterns. This procedure enhances the resolution and increases the probabili- 
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*V.M.Bublik and I,P,Kushnir participated in the experimental part of the 
work, 
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ty of the reflections from recrystallization nuclei not overlapping and merging. 
It was found that in the case of aging alloys, when there form many nuclei which 
Cannot grow owing to the inhibiting influence of the second phase, the use of the 
microbeam procedure yields a significantly lower value of tpr- At the same time 
in the case of single-phase alloys the values of tpy determined on the basis of 
patterns obtained with a conventional x-ray beam and with a microbeam are virtu- 
ally identical. 

C. Method of analysis of texture scattering. In using this method it was 
found that for a number of alloys (Cu-Be and others) upon heating to a temperature 
below tpr given by the conventional procedures the texture maxima become somewhat 
more blurred along the diffraction pattern lines than in the deformed state; such 
a change in scattering can occur only as a result of recrystallization and hence 
serves as an indirect indication thereof. 

For Cu-Be and Fe-W alloys it was established that the true tpr of aging al- 
loys is appreciably lower than tp; determined by conventional procedures. In in- 
dividual cases, for example, for the Fe + 2.7 atomic percent W alloy the true 
temperature of formation of recrystallization nuclei is even lower than tpy for 
the single-phase Fe-W alloy of limiting concentration. For the aging alloy, tyr 
determined by conventional procedures proved to be equal to the temperature cor- 
responding to the beginning of intense coagulation of the second phase and growth 
of recrystallization nuclei. 

It was also established that no recrystallization occurs in the state of 
supersaturation of the solid solution. True recrystallization begins simultane- 
ously with decomposition of the deformed supersaturated solid solution. This 
was shown for the case of the Cu + 3.8 atomic percent Sn alloy which is charac- 
terized by a very low rate of decomposition and a large difference between the 
atomic radii of the components, a factor which facilitates determination of the 
beginning of decomposition from change in the period of the solution lattice. 

In alloys of the Nimonic and Cunico type, where decomposition at the ini- 
tial stages proceeds with retention of coherent binding between the matrix and 
segregated phase lattices, it was established that recrystallization coincides 
with the time of disturbance of the coherent binding and does not occur prior to 
this disturbance. Thus the true beginning of recrystallization of the matrix of 
a supersaturated deformed solid solution occurs in parallel with incoherent de- 
composition of the solution. 

In connection with this, in alloys, where the second phase is incoherent 
with respect to the matrix even at early stages of decomposition, the true tpy 
may even be lower than tpy of the single-phase solution of limiting concentra- 
tion, as in the above noted case of the Fe + 2.7 atomic percent W. If the de- 
composition proceeds without disturbing the coherence, the true tp, may be ap- 
preciably higher than the corresponding tp, of the single-phase solution of 
limiting concentration, as was found for the Nimonic and Cunico type alloys. 

The experimental results can be tentatively interpreted as follows. It is 

known that the work expended on forming phase interfaces plays a certain role 
; in the work of formation of equilibrium nuclei in any phase transformation. This 
role is all the more important in the process of recrystallization when the trans- 
formation is not stimulated by the difference between the free energies of the 
deformed and new phases. In this case formation of phase interfaces in incoher= 
ent decomposition cannot lead to simultaneous formation of recrystallization nu- 
ee may also be inferred that recrystallization is impossible perene oe nea 
ginning of decomposition. If the absolute magnitude of the work of ome seb ies 
an equilibrium nucleus of the second phase is very appreciable and “a8 ores i 
of the nucleus itself is connected with diffusion of a large number of atoms 


-648 - 


through large distances, it is not impossible that recrystallization might begin 
before decomposition. Such cases, however, cannot be frequent. 
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EVALUATING THE EFFECT OF IMPURITIES ON THE X-RAY EMISSION SPECTRA OF 
DILUTE TRANSITION METAL SOLID SOLUTIONS 
- I.B.Borovskii & K.P. Gurov 


In the present article we outline a procedure for evaluating the influence 
of impurities on the x-ray emission spectra of dilute solid solutions the base 
material of which is a transition metal. The application of the procedure will 
be illustrated for the case of the spectrum of Fe. The proposed method is based 
on the model concepts regarding the physical character of the influence of impuri 
ties, developed earlier by the authors.1,2 Briefly, these concepts are the fol- 
lowing. 

A substitutional (or interstitial) impurity upon entering the metal loses 
its outer (valence) electrons, which are then collectivized in the conduction 
band of the base metal. The positive charge forming at an impurity ion may be 
either higher or lower than the positive charge of the other atomic cores, i.e., 
the impurity in the metal may possess either a positive or a negative excess 
charge. The perturbing potential of this excess charge has a finite range by , 
virtue of the screening influence of the conduction electrons. The region of the: 
effective range of the perturbing potential encompasses several coordination 
spheres about each impurity atom. The induced polarization interaction leads to 
deformation of the electron shells of the atomic cores of the base metal. In 
transition metals this effect extends also to the defective (incompletely filled! 
dor f shell. Inasmuch as the corresponding energy band overlaps with the con- 
duction band, there occurs equalization of the electron energy over the Fermi lev: 
el, i.e., in the local region near the impurity there is a transfer of electrons © 
from the defective shell to the conduction band (or vice versa - depending on the: 
polarity of the excess charge of the impurity). Thus in the vicinity of the im- 
purity the effective charge of the atomic cores of the base metal changes, which 
may be regarded as equivalent to the appearance of induced excess charges at thes: 
atomic cores. These are always of opposite polarity to the excess charge of the | 
main impurity. Consequently, there appears additional (polar) binding between th 
impurity and the surrounding atomic cores. There form distinctive atomic units | 
or hardening blocks. These blocks persist as long as the impurity concentration 
is low; increase in the impurity concentration leads to strong interaction betwee 
the blocks resulting in their breakdown. 


/ 
' 
| 
| 
| 


- 649 - 


Thus fundamental to the developed concepts is the assumption of the exist- 
ence of local (in space) deformation of the electron spectrum of the system, 
which should obviously be evinced (as an averaged effect) in the x-ray spectrum, 
as well as other attributes of the material. A theoretical basis for this as- 
sumption has been outlined in the work of Ref.3. The principal results of this 
work are the following. 

The one-electron energy spectrum of an ideal crystal in the adiabatic ap- 
proximation and neglecting electron interaction can be described by 


Bay = \ 0%, x(t) Hb, y(n) dt, (1) 


where // is the Hamiltonian of the system, Y, ,(t) is the corresponding solution of 
the Schrodinger equation (Bloch function), » is the “number of the energy band, 
and k is the "wave vector'' of the quasilevel in the band. If it is permissible 
to expand the Bloch functions in terms of the corresponding atomic functions lo- 
calized at the crystal lattice sites 

N 

Yn, x(t) = Nt S) exp (i KR; — ing, y) en (t— R,) (2) 

j=1 
(the explicit form of the expansion is determined by the conditions of orthonormal- 
ization of the wave functions and the translational properties of the Bloch func- 
tions; here V is the number of lattice sites, R, is the radius vector of the j-th 
site, and 7, , is the phase), then the energy of any level in the band can be re- 
presented in the form 


N 
Eas meaa nD) Hei 3 (3) 
j=1 
where N 
ES es \ On, Hen, at + >) exptik(R,—R,)) (en, Hon, dt (4) 
| ts) 
Pn, 7 — Cd R,). 


Eq. (3) can be interpreted as averaging of F,, ; over all the sites of the 
crystal lattice. Inasmuch as the quantity £,, ; has the dimensionality of energy, 
physically this means that in the framework of the introduced assumptions the 
magnitude of the energy of the quasilevel in the given band of the one-electron 
spectrum of the system can be regarded as the result of averaging over all the 
lattice sites of the corresponding energies of the electrons strongly bound in 
the sites. 

For a pure metal this interpretation is trivial, but it can be extended to 


the case of a system with a local perturbing potential W(r—R,). In this case 
the solution of the Schrédinger equation can be written in the form 
N 
n=) aa, aD Ne eCkR = aren (5) 
(n’,k’) (n‘k’) i=1 


and here the expansion in terms of Bloch states is limited only to the states cor- 
responding to the inner shells; the contribution of the conduction band states is 
partially taken into account in the cut-off screened form of the potential Wr). 


_ The energy spectrum of the system is then described by 


ee a. RA ee 


Eny= VY HY, dt = \ W Ho¥ yd — e\ wT WY, yds, (6) 


where H, is the Hamiltonian of the unperturbed system and ¢ is the absolute mag- 
nitude of the electron charge. The displacement of the quasilevel of the energy 
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spectrum of the system can, consequently, be represented in the form (after aver-) 


aging over all possible positions of the impurity) 


N 
bi 4 tester 
AED k= WN y AB as igit io 
j=1 
where Pe 
1G De \ Pn, jW en, jat—e y exp {ik (R, — R;)} \ Pn, jWen, Ri 
s=1 
(s#j) 
=e >| lib \ Pn, Wey, dt —e >) >, exp {ik (R, — R;)} \ en, jVew 5 de (8) 
nv ais s=1] 
(n'# n) (n’# n) (8#j) 
if Cn, k; 7’, k exp Ci k) 
b, y= = 
eee Cn ken, KEXP On, ay 


The quantity AZ,,; can also be interpreted as the result of averaging over 
all the lattice sites of the local displacement of the corresponding levels of 
the energy spectrum of the electrons strongly bound in the sites. 

Thus the concept of a local (in space) deformation of the one-electron spec=-) 
trum of the system is acceptable for those bands of the energy system for which 
the strong coupling approximation is valid. Consequently, this concept is ap- 
plicable to all electrons of the atomic core including the electrons of the de- 
fective shell. Application of this concept to conduction electrons, however, 
leads to substantial errors. 

On the basis of the model concepts one can construct equations for approxi-. 
mate evaluation of the change in the effective charge of the atomic cores in the 
base metal as a function of the impurity concentration. After appropriate aver- 
aging, by means of Moseley's law one can roughly evaluate the magnitude of the 
emission line shift in dilute solid solutions relative to the line position in 
pure metals. 

To illustrate the evaluation, let us consider the specific case of the in- 
fluence of impurities on the x-ray spectrum of Q-iron. Here the change in the 
effective charge on the atomic cores occurs due to local deformation of the 3d 
band. The magnitude of AZ,,; can be evaluated in the "rigid band" approximation. 
To this end we turn back to Eq.(8). The screening effect of the 4s conduction 
electrons is such that in the region where the atomic function ®n (t — R;) (R; = R,) 
is nonzero, the potential W(r—R,) varies little. Hence in Eq.(8) it can be 
brought out from under the integral, which after discarding the correction fac- 
tors, gives us 

AER s= —eW (R; — Aa} 
or 
AE ny (t) =—eW (© — Ry | 2) 

In our case the "rigid band" approximation means equal displacement of all 
the quasilevels of one band at the given spatial point. 

For low impurity concentrations the height of the Fermi level May be regard-. 
ed as constant. Then the variation in the charge of the atomic cores will de- 
pend on the change in the number of 3d electrons in the region wherein the per- 
turbing potential of the impurity is effective, as a result of a change in the 
FT SNR od ipsa ge ace ie Bet ei level in the 3d band and the corresponding 

3d band (or vice versa, depending on the polarity) 


of the excess charge of the impurity). Thus the total change of 
. the 
the block will be equal to s charge in 
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g \ [esq (r, Eig) — Poa (tr, Bp) dt, 
Vok 
where the Psa", Bp) and 0%, (r, Ey) are the 3d electron densities in the perturbed 
System and in the pure metal, respectively ( E,is the Fermi level); the integra- 


Eons carried out over the volume of the block. According to our scheme, in 
the “rigid band" approximation, we have 


(10) 


‘ 0 \ 
Psat, He) =oga(r, Ey + AB,) = Pga(t, Bp)+ ae ,|( 7) ; ee 
Ep 
Bearing in mind that 
Ey 
Psa(t) Bp) = \ ngq(E)| ¥5q (2) PAE, (12) 


0 


where n,,(£) is the level density in the 3d band, we obtain 


\ [esq a Psa dt = n3a (Ep) \ AE, Yoq (2dr. 
Yb1 Vay 
We must now have an explicit expression for the perturbing potential W (r—R,). 
Let us take for it the form proposed by Mott5 (also see Ref.6) on the basis of 


analysis of the experimental data on the residual resistance in dilute solid solu- 
tions: 


(13) 


W (r) =— + exp (— ar) (14) 


where Ze is the excess charge of the impurity. 

In view of the exponential decrease of the perturbing potential with distance 
for preliminary approximate calculations we can limit ourselves to determination of 
the magnitude of the additional (induced) charge only in the narrow spherical lay- 
er containing the atomic cores of the first coordination sphere about the impurity 
(i.e., we neglect the rest of the charge induced in the block). 

If we consider the optimum impurity concentration, i.e., the concentration at 
which the impurities do not yet interact but the blocks form a "dense packing", to 
evaluate the change in the average charge per atom of the system we need only di- 
vide the change in charge in the spherical layer by the number of atoms in the 
block. As a result, we obtain 


2 
[— eW (r)] dt| = 


(15) 


? 


WwW (Ry ) \ Peq de 

layer 
where Z’e is the average induced excess charge per atomic core of the base metal, 
Ny, is the number of atomic cores in a block, and #, is the radius of the first 
coordination sphere about the impurity (for Q-iron 2, = 2.47-1078 cm). The inte- 
gral is taken over the spherical layer; approximately, we obtain 


1 nq (Ep) \ eq 


(2 


ends (Ep) 
Nb1 


| Ygq [?d eget (16) 
3d == NV ’ 
layer 
where N,, is the number of atomic cores in the first coordination sphere (for Q-iron 
N,= 8). 
The number of atomic cores in a block is given by 
4n Re 
3 eff 
Ny) = aR (17) 


where Rorp is the effective range of the excess charge of the impurity, «a is the 
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cubic lattice constant (for Q-iron, a= 2.86-1078 cm), and « is the number of 


ms per unit cell (for Q-iron, x = 2). 
ae othe level density in the oa band near the Fermi level can be obtained from 
the literature. Specifically, for q-iron the density can be taken from the table: 
of Landolt & Bornstein (hereinafter LB). In doing so one must bear in mind the 
difference between the normalization of the level densities in the tables and in 
our scheme. In the LB tables the level density is normalized per atom. Specifi-- 


cally, Ep 
\ noLBaE = IN cas (18) 
0 

where N,, is the number of 3d electrons per atom in pure iron. In our scheme 

(normalization per unit Bloch function), we have 
Ee 


| nf ,de = N,N, (19) 
0 
inasmuch as 

Ep Ep 
Nga =\ page =| | 94 (B) 1 Yga Paz dE = | nSydB. (20) 

Vv Vv % 0 

Consequently, 

nr, (Ep) = Not” (Ey). (21) 


Thus the formula for the average (per atomic core) change in charge (in elec- 
tron charge units) referred to a unit excess impurity charge is 


| Zz |= enone (Ep) N,, exp (— qR,) (22) 
Z 4n (ferry? 
al ) 2B, 
For Q=iron (n°P2 (£;)=6.8+10711 erg-1), we have 
Z' | __ const exp (— q-2.47-10-8) 
lz ja RS : — 
eff 
Following Friedel?, we take 
Roee= 10 gut. (24) 
Thus to finalize the calculations, we must determine either gq or Rate. 


The quantity q characterizes the "rapidity" of screening of the excess im- 
purity charge by the conduction electrons (in the case of Q-iron by the 4s elec- 
trons) . Very roughly this quantity can be determined theoretically using the 

rigid band" approximation in the free electron model; it can also be determined 
empirically. The formula for theoretical evaluation of ¢ is of the form (for a 
derivation of the formula see Ref.7): 


q= V 4ne*n®, (Ep) | b,, |? = 2e V =, (Ep) = : (25) 


The value of n!,(E,;) can also be taken from th ; 
as UF e LB tables, again 
account the relation » again taking into 


nas (Ep) aa NnoLB (Ep), (26) 
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so that 


OC == VB ep) (27) 


The ratio of the number of atoms in the system to the volume of the system 
is given by 


N x 
vas We (28) 


I 


where V,,, is the volume of the unit cell (for cubic structures Vuc=@), and zx 


is the number of atoms per unit cell. For Q-iron (7% ~=0.7-1011 erg-1), we 
therefore have 


g ~1.3-108 om +. (29) 
Thus we obtain the evaluation (Reg¢ ¥ 7°1078 cm): 


Iz 


ae 1310-5: (30) 


We now turn to the empirical evaluation.8:9:1 As was shown by Miller? ,10 
in the case of the transition metals there is a sharp dip in the region of low 
concentrations (of the order of 0.1 atomic percent) in the curves characterizing 
the variation of the self-diffusion and linear expansion coefficients with the 
impurity concentration. According to our concepts! 9, the position (on the con- 
centration scale) of the minimum in these curves corresponds to the optimum case 
of “close packing of the blocks" so that one can readily write a formula relat- 


ing this value of the impurity concentration with the effective range of the im- 
purity atom®; 


4n 
Min pV /e Rees) 
~1M 499 3 eff 


min = jy Viaje? (31) 
where ¢,;, is the impurity concentration (in atomic percent) corresponding to the 
dips in the curves. For cubic structures (V,,,=2%); whence we obtain 
3 
= 32 
Ro¢e— a Vie. ( ) 
For Q-iron, substituting (after Miller) 


Coral deciba om 
we obtain sath : 

Rape~ 14-10-8 cm, (33) 
whence 


q~0.7-408 om. (34) 
Consequently, by the empirical method we obtain 


dhe 


= 0.9-10-*. (35) 


Hence for the final calculation of the change in wavelength of the x-ray 
emission spectrum by means of our scheme we can assume that for Q-iron the change 
in charge (per atom) is equal to 10™2 Z. Then the calculation is carried out by 
means of Moseley's law as follows. 
Moseley's law can be written 


()-soe so cp 


where Z, is the absolute nuclear 


screening constant defined by 


where each term characterizes t 
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charge (in electron charge units) and cis the 


(37) 


. 
a’ BZ, 
Ss 


he contribution of a given electron shell to the 


screening. 
Obviously, 
A (J) = — const 2 (Zn—°) Ac (38) 
r 
‘ Ay) _ 21801. on 
v | Zy—5 
Let us evaluate | Ao}. In the general case, we have 
Ac = ))B,Az, + >; z,AB,. (40) 
s 


A change in the charge on 
the B; r ie e. ’ AB, ss 7 (Az1, AZo, axe =) 
it is obvious that with change 


s 
any one electron shell involves a change in all 
for any s (we note that F(0,0,...)=0). Moreover, 
of sign of one 4z,, the signs of all the AB, change 


i.e., the /(Az,) curves have an inflection point at Az,;—0. Consequently, if we 
expand Ap, into a series in powers of Az, , the series begins with the term contain 
ing (Az, Hence for Az,;<1 all the AB, can be neglected. On the contrary, the 
discarded terms become the dominating ones with Az,s1. In the scheme under con- 
sideration the charge changes only in the 3d shell (Az,,=10?<1), so that 


Ac = Bi Azzy. (41) 
The coefficient B,, is determined by Sommerfeld's formulall 
ieovagtes (42) 


3d ’ 
a, 


where «s, is the radius of the electron shell for which the screening is being 
considered, and a, is the atomic radius. 

Let us determine, for example, the shift of the KB, line of iron (1s — 3 
transition). Here the determining (largest) factor will be a,, SO that we must 
determine the radius of the 3/ shell. This can be taken from the LB tables for 
a free iron atom (for the inner shells the radius changes insignificantly inci- 
dent to the transition to the metallic state). According to the tables Og 
= 0.2°10-8 om (this is probably ‘an overestimate). For the atomic core of Q-iron 
(metal) from the same tables, we have «a, = 0.4-1078 cm, so that B,, 1071 and 


| Ac} =| B,,-Az,,| = 10-8, (43) 
Hence, recalling that 7,—°c=20, our evaluation gives 
Ay; _ 2|Ao| a 


for the shift of the KB3 line. 


The experimental data give a shift Av= 0.7 ev for v = 7°103 ev, i.e., a re- 
sult of the same order of magnitude. : 
Institute of Metallurgy, 

Academy of Sciences of the USSR 
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ON THE BASIC TECHNIQUES OF X-RAY AND y-RAY MATER IOLOGY 
- V.M,. Genkin 


The basic problems in radiographic flaw detection are the following: 

1) choice of the optimum hardness of the x- or y-radiation; 

2) determination of the sensitivity of the procedure; 

3) calculation of the thickness of the defect in the direction of the bean. 

No generally satisfactory solutions have as yet been found for these and a 
number of allied problems. This is due primarily to the fact that certain metro- 
logical regularities have not been properly taken into account. 

In the field of radiographic flaw detection these regularities are connected 
with the character of defect recognition from the degree of blackening in differ- 
ent areas of the x-ray image. 

The purpose of the present report is to define® these regularities and their 
characteristics, which, in the final analysis, means extending the general metro- 
logical concepts to the techniques of radiographic materiology. 


Basic definitions and quantities 


1. ADy = Dnax - Pmin 8 the nominal density interval*,**,*"* of the photo- 
graphic x-ray image; this is the difference between the optical densities of the 
darkest and lightest elements in the radiographic image chosen earlier (in estab- 


®In the present report we use one asterisk’ to indicate definitions accord- 
ing to GOST 2653-44, two **k to identify definitions according to GOST 3951-47 and 
three *** for the new definitions proposed here by the author. (GOST = All-Union 
State Standard.) 
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lishing the technique) as the limiting values for visu 
al examination of the radiographs in transmitted light 
(on an illuminator) or by photometric measurements. 

2. Ah is the roentgenographic attenuation layer** 
i.e., the layer of the material in passing through whi 
the x-rays are attenuated to the extent that the film 
blackening is decreased from Dyagx tO Dain: i.e., by th 
nominal interval Dy. 

3. L, = In (Ip/I,) is the reduced exposure inter 
val***, i.e., the exposure interval limited on the ch 
acteristic curve of the x-ray film by the nominal den 
ty interval of the photographic image. Here IT, and I 
are the x-ray radiation intensities producing blacken 
ings Dmax and D,jjn, respectively. . 

The relation between the above quantities is mad 
clear in Fig.1 which shows the transillumination sch 
and the photometric curve for a wedge. 

According to the law of attenuation of x-rays in 
Fig.1. Transillumination passing through matter 
scheme and characteris- Per lig SUN 
tic photometric curve. P 


—— 


Wpddd ddd deed 


here u(U,h—Ah,h) is the effective linear absorption c 
efficient for a nonmonochromatic x-ray beam as a function of the tube (excitati 
voltage and the thickness of the material, which is numerically equal to the ar 
metic mean value of the true linear attenuation coefficients varying in the thi 
ness interval 1— Ah to h; whence we have 


Ly 


—p(U; h—Ah, h) ’ @) 


Ah 


where L, = 2.3 (ADy/A); here y is the contrast or "gamma" and 2.3 is the modulu 
of natural with respect to common logarithms. 

Eq. (1) is our basic formula inasmuch as it determines Ah as a function of 
the attenuation of the x-rays in the material and the photographic effect of th 
x-rays on the emulsion. 

We chose the values ADy = 2, Dmax = 2-5 and Dyin = 0.5 density units with 
the photometer adjusted to read zero for the background fog. The thickness of 
the attenuation layer An was determined by photographing a suitable wedge (Fig. 
1) with subsequent scanning of the radiographs on an MF-2 microphotometer. 

Vie Prseeepeies Fig.2 gives the curves for the va 
$f ation of Ah with the tube voltage for 


A roentgenoscopy of iron with recording 
: Agfa Duro film using a tungstate inten 
; 2 fying screen. The exposures are given 


for a focal distance of 700 mm. The 
work was carried out on an "Inkar" radi 
graphic unit. Lp was calculated by 
means of the formula 


Lp 
M, ria (Az—h,) 
M,=° , (2)) 


where Mg/M, is the ratio of exposures | 
for two radiographs, (h,; —h,) is the in- 
crement in the thickness of the materi 
Fig.2. Variation of Ap with the excita- layer corresponding to increase of the 
tion voltage for different exposures. exposure from M, to Mo, and Az is the 
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average attenuation layer for the thicknesses hf, and fi. 


The exposure was varied with the tube operating at a constant voltage by 
varying the exposure time. For lp in the excitation voltage range from 100 to 


200 kv there was obtained a numerical value of 1.6, which corresponds to a gamma 


of 2.9. 


We note that in the present measurements evaluation of the x-ray intensity 
is made in gradations of the sensitivity of the x-ray film, which explains the 
constant value of L,- The quantity Ar, determined experimentally, contains the 


dependence on the effect of scattered radiation under the given registration con- 
ditions. 


Some problems of roentgenoscopy 


Let us call the lowest limiting voltage yielding the maximum allowable (for 


the given practical case) photographic contrast the optimum voltage. Let us see 


how one specifies the roentgenoscopy conditions for 
parts of nonuniform thickness in the irradiated 
area, for example, for welds. We define h by ana- 
logy, as the "upper limit of indication of the in- 
strument’** and A; as the "indicating range of the 
instrument'** (Fig.3); then the voltage correspond- 
Fig.3. Diagram illustrating ing to An (see Fig.2) will be the optimum voltage 


determination of optimum for radiography of the given part. The optimum volt- 
roentgenoscopy conditions age is, of course, determined taking into account 
for welds. the reduction in effective thickness of the material 


due to the presence of the flaws or defects. 

If the exposure determined for the chosen voltage-by means of Eq.(2) for the 
given 4 is unacceptably long, the radiography is carried out at voltages above the 
optimal, according to the "softest possible radiation rule’. 

Under the sensitivity of the radiographic technique we understand the ratio 


_ QDy/Ah (see determination of sensitivity in GOST 3951-47). One can readily plot 


the curves for the sensitivity of the technique on the basis of the curves given 


in Fig.2. 

For determining the thickness of the defect in the direction of the bean, 
taking into account the fact that the working section of the photometric curve is 
a straight line (Fig.1), we can write 


Ah 
Paet = apy > 
where § is an element of blackening*; hence for ADy = 2, we have 
Ah 
b SS e 
def Sa 


Using the nominal interval of optical densities ADy, as regards defects of 
greater thickness than Aj, one can only assert that they are equal to or greater 
than Ah; in other words, here Ay is the upper limit in determining the thickness 
of the defect in the direction of the beam. 

The characteristics and problems of the roentgenoscopic technique, relating 
the conditions of radiography with the recognition of defects, find their expres- 
sion and solution in the quantities ADy, Azh and L,; consequently, the definitions 
of these quantities are fundamental in the technique of x-ray and y-ray flaw de- 
tection. 


"Xkrasnoe Sormovo” Plant 
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The Transactions of the Fifth Conference on the Application 
of X-rays to the Investigation of Materials were published in 
Vol. 20, Nos. 6 and 7 of the Bulletin. Copies of these issues 


are still available at $20 each. 


COLUMBIA TECHNICAL TRANSLATIONS 
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TRANSACTIONS OF THE SECOND ALL-UNION CONFERENCE ON 


ELECTRON MICROSCOPY 


(Moscow ~— 9-13 May 1958) 


(Continued from Vol.23, No.4) 


In the present issue we are publishing the 
reports presented at the Physics and Procedures of 
Electron Microscopy Sections of the Second All-Union 
Conference on Electron Microscopy called by the De- 
partment of Physical-Mathematical Sciences of the 
USSR Academy of Sciences and the Electron Microscopy 
Section of the “A.S.Popov" Society. 

The reports presented at the Instrument Design 
Section of the Conference appeared in Vol.23, No.4 
of the Bulletin. 


Editorial Board 
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INVESTIGATION OF MINERALS BY THE MICRODIFFRACTION TECHNIQUE IN A 400 kv 
ELECTRON MICROSCOPE-DIFFRACTION CAMERA 


- N.M,. Popov & B.B, Zvyagin 


Development of the microdiffraction technique is a significant step forward 
in electron microscopic and electron diffraction investigation of highly dis- 
persed rocks and minerals. Where the study of such minute mineral specimens is 
concerned the microdiffraction technique has great advantages inasmuch as it 
allows of isolating a specific microsection in the electron micrograph and ob- 
taining its diffraction pattern or, vice versa, isolating individual reflections 
in the diffraction pattern and obtaining dark field images in which the diffract- 
ing surfaces of the crystallites stand out as bright spots. 

The qualitative and often ambiguous data regarding the superficial appear- 
ance of individual particles revealed by electron microscopy can be amplified 
and supplemented by quantitative structural data obtained by microdiffraction. 
Thus by means of this technique one can carry out detailed analyses of the compo- 
sition of complex rocks and minerals, recognize minute inclusions and scattered 
impurities, check the structural homogeneity or inhomogeneity of crystallites, 
investigate concretions and transition zones, detect amorphous particles, etc. 

Microdiffraction patterns can also serve to refine the quantitative data 
yielded by electron microscopy. They allow of establishing the relative angles 
and orientations of particles observed under the electron microscope and of dis- 
tinguishing fibrous and tubular formations. Through comparison of electron micro- 
graphs and diffraction patterns one can determine the crystallographic directions 
in particles; using a series of dark field micrographs showing the location of re- 
flecting areas corresponding to planes with different indices one can gain a bet- 
ter understanding of the structure and orientation of the crystallites in the 
specimen. 

In a sense the role of microdiffraction here is analogous to the role of 
polarizing devices in optical microscopy, the introduction of which wrought a 

revolution in the field of geological-mineralogical investigations. The differ- 
ence is that microdiffraction operates under conditions of much higher resolution 
and magnification, is more localized and utilizes the most distinctive structural 
characteristics of matter. 

Where structural analysis is concerned, microdiffraction offers the possibili- 
ty of obtaining diffraction patterns from the most minute single crystals of highly 
dispersed minerals. In these patterns, in contrast to those obtained by the con- 
ventional methods of structural analysis, there is directly evinced the symmetry 
of the reciprocal lattice and the distribution in relative intensities of the re- 
flections which in patterns from polycrystals (oriented or not oriented) coincide 
and overlap. The presence of subperiods and other fine structural details shows 
up most clearly in patterns from single crystals. Moreover, in the case of the 
microdiffraction technique the investigation is realized at a higher experimental 
level inasmuch as being guided by the dark field micrograph one can intelligently 
select the most favorable sections of the specimen for diffraction, choose the 
single crystals that will yield the most valuable information. 

The electron microscope-diffraction camera with a 400 kv accelerating poten- 
tial designed by one of us! is of particular value for the investigation of miner- 
als by the microdiffraction technique. 

At this voltage the electrons acquire (taking into account relativistic cor- 
rections) velocities of the order of 600 kev, and are consequently capable of 
_ penetrating thicknesses up to 3. By virtue of this one can investigate ran 
only lamellar and fibrous particles, as with the usual beam potentials, but a se 
isometric particles and coarser formations, i.e., almost all the constituents o 
finely dispersed rocks and minerals in their great diversity. 
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Fig.10. Fig.1l. Fig.12. 


On the other hand, by virtue of such a high electron velocity the diameter 
of the selected, isolated region can be reduced to 0.05 wu, which is at least one 
order of magnitude smaller than in conventional electron microscopes with a 100 
kv potential. This is particularly important in investigating minerals consist- 
ing of fine and aggregating particles and for observing structural transitions 
within individual particles. 

The very short wavelength (~0.016 kX), at which the section of the Ewald 
sphere intersecting the reciprocal lattice virtually degenerates into a plane, 
favors greater fullness of the diffraction patterns obtained with a random 
orientation of the single crystal. This facilitates interpretations of the pat- 
terns, particularly since in a rather wide range of crystal thicknesses one can 
use the kinematic theory of electron scattering. Distortions of the electron 
diffraction patterns due to extraneous fields are virtually unnoticeable in this 


case. 
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Below we describe some results of studies carried out with the 400 kv inst) 
ment; these investigations were undertaken primarily for the purpose of checking 
and evaluating the effectiveness and possibilities of the proposed microdiffrac- 
tion technique. r " 

Fig.l is a dark field micrograph of kaolinite crystals. From their glow 
one can judge of the electron scattering from the crystals and select the most 
advantageous areas for obtaining diffraction patterns. From the diffraction 
patterns in turn one can determine the orientation of the crystals and the crys- 
tallographic directions in them. Figs.2 & 3 are electron diffraction patterns 
recorded, respectively, from a crystal perpendicular to the electron beam and 
turned through a small angle about the a axis, as may be seen from the degree of 
regularity of the hexagonal network of reflections and the symmetry of the inter 
sity distribution. In particular, the necessity of rotating the crystal for 
bringing out the intense (020) reflections in Fig.3 indicates that the 6* axis 
of the reciprocal lattice is not perpendicular to the c* axis and that the unit 
cell of kaolinite is triclinic. We also recorded electron diffraction patterns 
from deformed kaolinite crystals; the deformation was evinced by the appearance 
of a series of spatial reflections, located along a hyperbolic arc, near each of 
the regular lattice reflections. 

Fig.4 is a diffraction pattern from a halluasite particle. In the first ay 
proximation this pattern may be regarded as an image of straight texture with a 
b axis, which is indicative of the tubular character of the particle wrapped 
about the } axis. In the diffraction pattern one can distinguish a network of 
hk and kl reflections. Both these are centered so that if the succession of 
reflections is interpreted as giving a basal interplanar separation of ~7 A, the 
true period c is ~14 A. 

Fig.5 shows a micrograph of a montmorillonite lamella; the electron diffrac 
tion pattern from the lamella reproduced in Fig.6 shows that despite its diffuse 
outlines, the entire lamella is a single crystal. 

We also recorded a number of different diffraction patterns of selodonite 
corresponding to different orientations of the crystals. 

By virtue of the high accelerating potential, we were able to obtain a micz 
gram of two parallel fragments in a relatively large crystal (Fig.7) of a serperx 
tine mineral. Initially it was assumed that this is antigorite, but according + 
the diffraction pattern (Fig.8) it proved to lizardite. As will be evident fron 
the diffraction pattern shown in Fig.9, antigorite has an entirely different di: 
fraction pattern in which the additional reflections closely spaced in the a* d: 
rection indicate the presence of an a subperiod, in this case approximately seve 
times larger than for lizardite. 

Diffraction patterns of different types were obtained from filament-like 
chrysolite and sepiolite (Fig.10) crystals. The diffraction pattern for chryso- 
lite (Fig.11) represents a plate of laminar silicate coiled into a tube (in thi; 
case about the a axis). 

The reflections in silicate patterns, which (depending on the multiple-of-: 
three value of k) have the appearance of discrete spots or rays fading towards 
the periphery, bear evidence of the distinctive disorder of the structure in th: 
direction of the } axis, characteristic of laminar silicates. In contrast, the: 
diffraction pattern for sepiolote (Fig.12) does not indicate a tubular tore of 
the fibers for this material. The closely spaced additional reflections extendi 
ing in the )*direction are consistent with the hypothesis of the presence in 
sepiolite of a subperiod three times greater than usual for laminar silicates. 
However, our deductions as regards halluasite and the chrysolites may be regardl 
ed as more reliable inasmuch as these material x ; 

aterials yield more definitive diffractil 


| 
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patterns and moreover these deductions are consistent with the results of other 


investigations?»3, For the sepiolites and allied compounds it would be expedient 
to carry out further investigations. 
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INVESTIGATION OF THE STRUCTURE OF PbS SUBLIMATES BY ELECTRON MICROSCOPY 


AND DIFFRACTION 
- V.N.Vertsner 


The properties of lead sulfide photoresistors fabricated by the physical 
procedure depend on the structure of the primary sublimates, which are prepared 
by vacuum evaporation. Generally, the sublimate is a polycrystalline PbS layer 
some 1 y thick deposited on a glass substrate. 

On the basis of their appearance we can distinguish three groups of primary 
sublimates (unactivated PbS layers), namely, layers with a specular surface, lay- 
ers with a mat, metallic type surface and, finally, layers which for the most 
part have the appearance of a "sooty" condensate. Layers of the first two types 
are obtained with condensation of the PbS on heated glass substrates; ‘sooty’ 
layers form on unheated supports. Usually metallic type layers are used in pre- 
paring photoresistors. 

Electron diffraction studies of different sublimates formed on glass sub- 
strates! and, in particular, of lead sulfide layers2, show that the minute crys- 
tals composing their layers are arranged in an ordered manner, i.e., are orient- 
ed with respect to the substrate. The orientation of the crystals depends on a 
number of factors: the type and temperature of the substrate, the angle of inci- 
dence of the vapor, the rate of condensation, the mobility of the condensate ator 
the thickness of the layer, etc. The first factor is the most important. Gener- 
ally, single crystal films form on a single crystal substrate, while on polycrys- 
talline and amorphous substrates there form polycrystalline sublimates, which may 
or may not be oriented with respect to the substrate. By appropriate variation 
of the substrate temperature one can favor different orientations of the subli- 
mate? or reduce the orienting effect of the substrate and obtain nonoriented con- 
densates. The orienting effect of the substrate can also be reduced (but to a 
lesser extent) by varying the direction of arrival of the vapor from the evapora- 
tor. In the case of PbS it was found that changing the angle of incidence of the 
vapor by up to 80° results in about 10° inclination of the axis of orientation 
towards the vapor source. A similar effect has been observed for CaF5 sublim- 
ates.* The assertion recently made by Rumsh & Zimkina® regarding the dendritic 
structure and directed growth of the dendrites in PbS layers having a thickness 
of about 1 1 appears to be questionable. 

The purpose of the present work was to determine the variation in the orien: 
tation of the crystals with the direction of incidence of the PbS vapor on the 
glass substrate, keeping all other conditions constant. The crystals in the lay- 
ers obtained on heated substrates were usually preferentially oriented with one 
or, more rarely, two crystallographic planes parallel to the glass. The azimuth- 
al orientation of the crystals was consistently chaotic. The axis of orientation 
was always inclined to some extent in the direction of the PbS vapor source. 

We employed a very simple technique for determining the spatial direction o: 
the axis of preferred orientation. We recorded two electron diffraction pattern: 
from each specimen, with the specimen rotated 90° in its plane between exposures. 
Then on a transparent plastic sheet we plotted in the scale of the diffraction 
patterns the systems of reflections corresponding to the most frequently encoun- 
tered orientations, i.e., the spot patterns corresponding to the orientations 
with the (111), (200), (220), (311), etc. planes parallel to the substrate (Fig. 
1). By laying these templets over the electron diffraction patterns we determin: 
ed the angles between the direction of the axial reflection on the symmetry axis 
of the diffraction patterns and the perpendicular drawn from the center of the 
pe hata ser the angles Q) and Qg identified in Fig.2. We then cal. 

3» gle of the axis of orientation relative to the plane of the 
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$6 -SS. SEN SSSSSE 
Fig.2. Determination of the angles be- 
tween the axial reflection and the 
perpendicular in the electron diffrac- 
tion patterns (a & b) obtained in two 

mutually perpendicular positions of 

the specimen. 

to SSNS substrate, by means of the formula 


Fig.1. Templets showing reflection 
patterns corresponding to different 
preferred orientations of the crys- 
tals in PbS layers: a - (200), b - 
(111) and c - (311) planes parallel 


(see Fig. 3); 
il 


Vv tan2 Qy + tan? Ap 


The angle of incidence of the 


tan a3 = 


to the substrate. 


re 


 Fig.3. Determination 

_ of G3 the angle of in- 

- celination of the orien- 

tation axis with re- 

spect to the substrate 
plane. 


vapor on the substrate could be varied 

in our apparatus in the full range from 
0 to 90°, There were usually present in the sublimated 
layers both oriented and nonoriented crystals; the lat- 
ter predominated when the temperature of the substrate 
was substantially higher than 150°, the temperature at 
which the evaporation was usually carried out. In the 
range of small angles of incidence there was observed 
preferred orientation of the crystals with the (200) 
planes parallel to the substrate. In the range of 
angles of incidence from 0 to 60-65° the preferred [200] 
axis of orientation deviated from the normal in the di- 
rection of the source by an angle ranging from a few 
degrees to 20°, At angles of incidence greater than 65° 
the character of the orientation changed and the crystals 
were predominantly oriented with the (111)_planes paral- 
lel to the substrate. Here again the [111] axis follow- 
ed the direction of the source and deviated from the 
normal to the substrate by up to 10-15°. It was evident 
from the length of the reflection arcs on the diffrac- 


tion patterns that all the crystals were not oriented at a strictly uniform angle; 
evaluations indicate that the angular spread may be as great as 15° for both types 


of condensates. 
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Fig.4. Micrograph of oriented PbS layer; 
[200] axis perpendicular to the sub- 
strate. Magnification 15 000 X. 


Er 


Fig.5. Microgram of oriented PbS layer; 
[200] axis at a small angle to the norm- 
al. Magnification 18 000 xX. 
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arbit. 


Fig.6. Variation of the 
thermal-emf with the ten- 
perature of the PbS layer 
(heating in vacuum). 


Electron microscope observations 
substantiated the electron diffraction © 
data. For obtaining micrographs we a 
used silica and carbon replicas (earli-> 
er we also successfully employed alumi-- 
num oxide replicas). Figs.4 & 5 show 
micrographs of replicas from layers in 
which, according to the electron dif- 
fraction data, the crystals were ori- 
ented either with the cube face paral- 
lel to the substrate or with the (200) 
planes inclined at a small angle to the: 
surface of the glass. It will be evi- 
dent from these micrographs that the 
azimuthal arrangement of the crystals 
is chaotic and that their orientation 
is consistent with the electron dif- 
fraction data. Area counts showed 
that about 50% of the crystals measure 
0.1-0.2 un, and 30-40% from 0.2 to 0.3 
uw. Crystals larger than 0.3 yp are 
rarely encountered. 

We found that the layers with a 
specular surface consisted of crystals 
oriented with the cube planes parallel 
to the substrate. In "metallic" layers: 
with a mat surface the crystals were 
oriented either with the (111) planes 
parallel to the substrate or with the 
[200] axis at an angle to the normal 
to the glass substrate. 

The conductivity of the oriented 
PbS sublimates was substantially high- 
er than the conductivity of nonoriented 
deposits. Determinations of the car- 
rier polarity from the thermal-enf 


showed that layers of the first type in which the 
crystals are oriented with the cube face parallel 
to the substrate are generally characterized by 
n-type conduction; layers of the second type (met- 
allic) as a rule have p-type conduction. 
layer with p-type conduction is heated under vacu- 
um, in the vicinity of 60-80° the thermal-emf drops 
off abruptly, goes through zero and changes polari- 
ty (Fig.6). 
to n-type conduction, which persists if the sample 
is cooled in vacuum. 
fully reversible. 
again becomes a hole-type semiconductor. 
ductivity of the layers varies in proportion to 


When a 


This obviously corresponds to a change 


This process is, however, 
Upon contact with air the sample 
The con- 


the absolute value of the thermal-emf and has a 


minimum value when the thermal-emf goes through zero. 


Our experiments illustrate 


the strong influence of adsorbed oxygen on the character of the conduction of 


PbS layers with a large free surface, 


POY S See) aa 


See hk 
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, The sensitivity of the photoresistors obtained as a result of activating 
such PbS layers also depends on the structure of the initial sublimate. The 
sensitivity proved to be higher for photoresistors prepared of sublimates with 
a larger free surface, i.e., those in which the initial layer consists of crys- 
tallites oriented with the (111) planes parallel to the substrate or the [200] 
direction deviating substantially from the normal to the glass base. 
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STRUCTURE AND PHOTOELECTRIC PROPERTIES OF LEAD SULFIDE LAYERS 
~- R, YaBerlaga 


Introduction 


The ability of lead sulfide layers to generate an a force on 
exposure to light was first noted in 1946 by Starkiewicz et al*. These investi- 
gators prepared their PbS layers by vacuum evaporation and subjected them to 
special treatment: first heating to 250°, then rapid cooling with a potential 
applied to the layer. After this treatment an emf appeared between the elec- 
trodes attached to the layer upon illumination with infrared light (\ = 1-3.5 yw). 
According to Starkiewicz et al, this effect is due to diffusion of oxygen ions 
in the direction of the applied voltage, as a result of which oriented potential 
barriers form at the grain boundaries. 

Earlier2,3 we observed a photo-emf in lead sulfide layers not subjected to 
any specific treatment giving rise to directional properties. The layers were 
deposited by evaporation of PbS at a vacuum of 10-4 mm Hg onto glass supports 
heated to 240-250°C. The photo-emf of freshly prepared layers was of the order 
of some thousandths of a volt. After heating the samples to 500-600° in air 
the photo-emf increased appreciably - to as much as 3 volts for some samples. 

A detectable photo-emf was also observed in the case of PbS layers evapo- 
rated in hydrogen or carbon dioxide at pressures of 10-2-10-1 mm Hg followed by 
sensitization in these gases. The photo-emf for samples sensitized in hydrogen 
attained a value of 5°10-2 v; that for samples sensitized in carbon dioxide - 

1.2 ve No photo-emf was observed in the case of layers evaporated and sensi- 
tized in nitrogen. 

In the case of layers not subjected to heat treatment, the polarity of the 
photo-emf did not depend on the direction of the incident light but did depend 
on the direction of the molecular beam (in most cases the edges of the specimens 
located immediately over the evaporator exhibited positive polarity). After 
heat treatment, however, we observed a pronounced dependence of both the magni- 
tude and polarity of the photo-emf on the direction of the light flux. Some lay-: 
ers yielded photo-emfs of opposite polarity when illuminated from the layer side 
and from the substrate side. In some cases the magnitude and polarity of the 
photo-emf could be changed by varying the angle of incidence of the light. In 
such cases one could identify an inversion direction, i.e., an angle of incidence: 
to either side of which the photo-emf increased in magnitude with opposite polari- 
ty. 

Electron diffraction investigation of the structure of photogalvanic PbS 
layers showed that all except the very thinnest (of the order of a few hundred 
angstroms) had a certain degree of texture (crystal orientation). With increase 
of the layer thickness above a few hundred angstroms there appeared a preferred 
orientation, which was correlated with the direction of the molecular beam. In- 
crease of the layer thickness to several microns is accompanied by increase in 
the sharpness of the diffraction rings in the electron diffraction patterns (re- 
corded by the reflection technique) and weakening of the background. This cor- 
responded to the appearance of very thin long projections on the surface of the 
layer. This was substantiated in the work of Ref.4 by optical and electron mi- 
croscopic observations; it was found that the surface of the PbS layer was cover- 
ed with acicular crystals, the axes of which were directed approximately parallel 


to the molecular beam. The length of the needles varied in a rather 
namely, from 0.2 to 8 u. wide range, 
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Procedure 


The purpose of the present work was to determine how the structure and 
photoelectric properties of sublimated PbS layers vary as a function of the rate 
of deposition, the layer thickness and the direction of the molecular beam. The 
Samples were prepared by evaporation of PbS in air at 107% mm Hg onto glass sub- 
strates heated to 250°. The rate of evaporation was varied by controlling the 
evaporator heater current; the layer thickness was controlled by varying the evapo- 
ration time at some constant heater current. The deposited layers were heat treat- 
ed by heating to 550-600° in air. The surface of such layers was investigated by 
means of plastic and silica replicas. In addition, to obtain a clearer picture 
of the structure, we used the profile micrograph Pachninies To this end the PbS 
was deposited on copper wires 60 in diameter and on glass filaments which were 
then observed in an electron microscope. 

Comparison of the electron micrographs of layers deposited on a copper wire 
and a glass filament under identical conditions showed that the substrate materi- 
al has no effect on either the size or shape of the acicular crystals. 


Examination of the micrographs of 
layers of the same thickness obtained at 
different rates of deposition reveals 
that both the size and shape of the aci- 
cular formations on the surface vary with 
the evaporation rate: the needles become 


Experimental results 
thicker and longer with increase of the 
deposition rate. 


Micrographs 1,2 & 3 reproduced in 
Fig.1 show the variation in structure 
with the rate of deposition for layers 
not subjected to heat treatment. When 
the deposition rate is increased above 
a certain level, new small needles begin 
to sprout from the larger acicular forma- 
tions (Fig.1,2). Layers of the same 
thickness but obtained with different 
evaporation rates differ in appearance. 
In the case of rapid deposition (surface 
covered with large needles), the layer 
appears mat or velvety; in the case of 
slow evaporation (surface covered with 
small needles) the layer has a metallic, 
sometimes even a mirror-like luster. 


Fig.l. 1 - Untreated layer, evaporator As a result of heating the layers 
heater current I, = 10 amp; 2 - un- in air to 600° the finer needles break 
treated layer, Ip, = 16 amp; 3 - un- down leaving small protuberances on the 
treated layer, I, = 20 amp; 4-I,=s surface. The surface of large needles, 
12 amp, layer heat to 600°; 5- I, = initially covered with fine acicular 
. 16 amp, layer heated to 6009; 6 - formations, is smoothed over; the sharp 
In = 20 amp, layer heated to 600°. points appear to fuse and become rounded 


(Fig.1,4,5 & 6). It is apparent from 
the menlicn micrographs that the size 
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of the "cells" comprising 
the surface increases with 
increase in the rate of 


Ey Ag 
10 Z deposition. 
3 It follows from a compari-: 
a6 son of the micrographs with 
the photoelectric properties 
a of different layers that lay- 
Q4 ers with a more highly develop-: 
/ ed topography (layers covered 
G2 with larger needles), as a 
0 0 rule, have a higher photo-emf. 
Led 2 eS ae hte! S 4 i We also found that the shape 


a. 
d, i 4 and size of the needles and 

Fig.2. Variation of the Fig.3. Variation of the the photoelectric properties 
photo-emf with the layer photoconductivity with of the layers depend on the 
thickness. the layer thickness. layer thickness. The surfaces 

of layers less than 1 yw thick 
not subjected to heat treatment are covered with fine acicular formations with 
dimensions of the order of 0.1 1, spaced comparatively far apart (sometimes as 
much as 10 4). As the thickness of the layer is increased, the number and size 
of the needles increase, while the distance between them decreases. At the same 
time there appears a preferred orientation, the direction of which depends on 
the direction of the molecular beam. Owing to the directionality of the molecu- 
lar beam, the crystals in the initially disoriented layer that happen to be ori- 
ented with the maximum growth rate faces perpendicular to the beam develop most 
rapidly. 

The variation of the photo-emf with the layer thickness is shown in Fig.2; 
it will be seen that the maximum photo-emf is observed at a thickness of about 
1 yw. The photoconductivity also increases with increase of the layer thickness, 
attains a maximum at ~l yp» and then falls off (Fig.3). If a mirror surface layer 
is gently rubbed with a cotton wad or fine emergy both the photo-emf and the 
photoconductivity decrease. In contrast, in the case of layers with a velvety 
appearance, light rubbing of the surface initially results in a certain increase 
of the photoconductivity and the photo-emf; with further thinning, however, both 
the photo-emf and the photoconductivity decrease. Apparently, the initial in- 
crease is due to the fact that the larger needles on the surface shadow the finer 
formations: light rubbing breaks off these "obstacles" and allows the light to 
strike a larger area of the surface. With further thinning of the layer the 
photoelectric properties vanish. 

We investigated the variation of the topography and electric properties of 
the layers with the direction of the incident molecular beam. To this end a PbS 
layer was deposited simultaneously onto eight glass supports mounted in a special 
holder. Obviously, the molecular beam was incident on the different supports and 
different parts of the same support at different angles. The direction of the 
acicular formations as observed under the electron microscope agreed within the 
limits of the evaluation error with the angles of incidence calculated from the 
evaporator geometry. 

We investigated the dependence of the topography on the direction of the 
molecular beam incident on horizontal substrates and substrates inclined at 45° 
and 60° to the horizontal. In all cases the needles follow the direction of the 
molecular beam. Replicas obtained from such layers are also different; the in- 


dividual formations are largest in the case of the substrate mounted 
of 60° to the horizontal. at an angle 
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The surface topography changes when the layer is heated: the needles are 
deflected from their initial position. This effect may be connected with the 
formation of diverse lead-sulfur compounds with lattice constants differing from 
that of PbS. 

There are also differences between the photoelectric properties of layers 
deposited on substrates mounted at different angles. Non-heat treated layers de- 
posited on horizontal substrates were characterized by emf values ranging from 0 
to less than 0.001 v. In the case of deposition on substrates inclined at an 
angle of 60° to the horizontal, the emf increased by at least one order of magni- 
tude (sometimes more). 

After heat treatment of the layers deposited at different substrate angles 
the photo-emf increased and proved to be of the same order of magnitude for all 
the layers regardless of the angle of deposition. The photoconductivity also 


increased as a result of heat treatment; its value did not noticeably depend on 
the direction of the molecular beam. 


Conclusions 


In studying the structure of PbS layers we used both the replica technique 
and the method of profile micrographs which yields a clearer picture of the state 
of the surface. 

Our data may be regarded as the first step towards establishing the correla- 
tion between the surface structure and the photoelectric properties of sublimated 
PbS layers: generally, layers consisting of larger needles have a higher photo-emf. 
A higher emf is also characteristic of layers deposted on substrates mounted at 
an angle of 60° to the horizontal (as compared to horizontal substrates). 

Usually one can tell from the appearance of the micrograms whether a layer 
has been sensitized. However, difficulties are often encountered in the inter- 
pretation of the results, and it is not always possible to establish an unambigu- 
ous correlation between the structure of the surface and the photoelectric proper- 
_ties of the layer: for example, there were cases when layers consisting of needles 
differing in size and shape had the same photo-enf. 

I desire to thank M.I.Rudenok, N.Voronkova and V.Piotrovich for their help 
in the investigation. I take this opportunity to express my gratitude to A.A, 
Lebedev for discussion of the results and interest in the work. 


References 


1. J.Starkiewicz, L.Sosnowski & 0.Simpson, Nature, 158, 4001, 28 (1946). 

2. R.Ya.Berlaga, M.A,Rumsh & L.P,Strakhov, Zhur.tekh.fiz., 25, 11 (1955). 

3. R.Ya.Berlaga, M.A.Rumsh & L.P,Strakhov, Radiotekhnika i elektronika, A 
3 (1957). (Trans.Radio Engineering and Electronics). 

4, R.Ya.Berlaga, M.I,Rudenok & L.P.Strakhov, Zhur.tekh.fiz., 26, 1 (1956). 
(Trans.Soviet Physics - Technical Physics.) 


- 676 = 


ELECTRON MICROSCOPIC INVESTIGATION OF THE STRUCTURE OF THIN FILMS 
OF ANTIMONY SULFIDE PREPARED BY EVAPORATION IN VACUUM AND 


IN NITROGEN AT PRESSURES UNDER 4 mm Hg 
- A.M, Reshetnikov 


Introduction 


In recent years antimony sulfide in the form of thin layers has come into 
increasing use as a photoconducting material for the targets of television pick- 
up tubes. The antimony sulfide layers are prepared by evaporation under vacuum 
or in an atmosphere of some inert gas at low pressure (1-4 mm Hg). 

The structure and physical properties of thin antimony sulfide coatings pre- 
pared by vacuum evaporation have been investigated repeatedly. Forgue and his 
co-workers! , on the basis of x-ray and electron diffraction studies, report that. 
such layers have an amorphous structure or at any rate consist of very minute 
crystals. Tatarinova? concluded, as a result of careful electron diffraction 
investigation of antimony sulfide films prepared by evaporation on celluloid sup- 
ports, that such films have an amorphous structure. The influence of the sub- 
strate temperature on the structure of antimony sulfide layers and the effect of 
heating these layers in air was investigated by Vertsner et al3, These authors 
also report that smooth amorphous films are obtained as a result of vacuum evapo- 
ration onto glass. 

The other method of preparing photosensitive layers - evaporation in an in- 
ert gas atmosphere - is also widely utilized in fabricating television pick-up 
tubes. However, the structure of layers formed by this procedure and the process 
of formation itself have scarcely been studied and there are no definite data on 
the subject in the literature. Below we give the results of an electron micro- 
scopic investigation of the structure of Sb2S3 films obtained by condensation in 
an atmosphere of nitrogen at pressures under 4 mm Hg and by evaporation in vacuum 


Preparation of Sb2S3 layers 


The thin antimony sulfide 
films were prepared in the appara- 
tus diagramed in Fig.l. The evapo- 
rating section of the apparatus 
(enclosed by the dashed line in 
Fig.1) was evacuated by the rotary 
pump 1 and the oil diffusion pump 
2 to a pressure of 107° mm Hg and 
then in the case of condensation 
on plastic films was heated for 
1-1.5 hours at 100-120° for the 
purpose of degassing the glass 
walls (a higher degassing tempera- 
ture could not be used owing to 
the thermal instability of the 


Plastic films). In the case of 
Fig.1. Diagram of vacuum apparatus for pre- deposition on other substrates 


i > aR ae eee | 


paring thin films: 1) rotary pump, 2) oil the degassing was carried out at 
diffusion pump, 3) liquid air trap, 4) LM-2 a temperature of 400-4509, after 
pressure gage tube, 5) vacuum valve, 6) cooling of the degassed section, 
evaporator, 7) specimen grid holder, 8) this was cut off from the diffusion 


LT-2 pressure gage tube, 9) metering vessel, pump by closing valve 5. Then for 


10) merc monometer 
ae reich » 11) valves, 12) nitro- the nonvacuum experiments, nitrogen 
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was admitted from the tank 12. The nitrogen pressures above 0.2 mm Hg were moni- 
tored by the mercury manometer 10 to within +10%; pressures under 0.2 mm Hg were 
measured by the thermocouple gage 8. 

The antimony sulfide was evaporated from a quartz boat heated by the nichrome 
element 6 to a temperature of 500-550° (heater current - 5 amp). The antimony 
sulfide vapor was condensed on thin plastic (celluloid) supports, freshly cleaved 
surfaces of rock salt crystals, the edges of electron microscope type specimen 
grids and substrates consisting of a thin polycrystalline layer of tin dioxide 
on glass. Most of the films were prepared on plastic supports since these were 
most convenient for subsequent investigation. 

The plastic supports 0.01 to 0.03 #. in thickness were prepared by the con- 
ventional procedure4-§ on the surface of glass plates. Sections of the plastic 
film measuring 3 x 3 mm were transferred to specimen grids, which were mounted 
in a special holder (7 in Fig.1) in the vacuum apparatus. 

The layers deposited on the plastic supports and on the specimen grid wires 
were immediately transferred to the microscope for examination. The layers con- 
densed on the other substrates could be examined under the microscope only after 
being stripped off the support. The antimony sulfide films formed on rock salt 
crystals were removed by dissolving the salt in distilled water. The layers pre- 
pared on the tin dioxide substrate were stripped off by means of lacquer and 
gelatin.° The antimony sulfide films were prepared at different nitrogen tempera- 
ture and pressures and at different evaporation temperatures. 


Results 


In the case of evaporation of anti- 
mony sulfide onto a plastic support in 
vacuum there form smooth films with an 
amorphous structure.” A similar struc- 
ture was characteristic of films con- 
densed under analogous conditions on 
the surface of a freshly cleaved NaCl 
OS GZ . single crystal and on polycrystalline 
sie be GaseeXs tin dioxide substrates. 

Fie.2 Fie.3 In the case of condensation of 

pes es antimony sulfide vapor in an atmosphere 
Fig.2. Structure of Sb9S3 layer prepared of nitrogen, the structure of the films 
by evaporation in nitrogen at 2 mm Hg. differs, depending on the gas pressure. 
Magnification 6700 X. In the present experiments we prepared 
Fig.3. Structure of Sbg9S-. layer prepared films at nitrogen pressures of 4, 2, 1, 
by evaporation in nitrogen at 1 mm Hg. 0.5, 0.2, 0.08, 0.03, 0.01, 0.005, and 


Micrograph made after 30 sec electron 0.001 mm Hg. 
bombardment of the specimen. Magnifica- At pressures of 4 and 2 mm Hg there 


tion 6700 X. are obtained films with a roughish 
; loose structure. These films consist 
of chain-like formations of antimony sulfide (Fig.2). A flocculent structure of 
the layer is also obtained in the case of condensation of the SboS3 on the edge 
of a specimen grid and on a tin dioxide substrate. The structure of such films 
is stable and does not alter under electron bombardment. 

i Films condensed in nitrogen at a pressure of 1 mm Hg have a finely dispersed 
structure reminiscent of the structure of films obtained at 2 and 4 mm Hg pres- 
“sure; the flocculence of the structure, however, is less pronounced. The struc- 
“ture of some films changes under the influence of the electron beam; the camer 
tion is so rapid that it is difficult to follow and virtually impossible to photo- 


oo eA 
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Fig.4. a - electron diffraction pattern and b - micrograph of Sb2S3 layer pre- 
pared by evaporation in nitrogen at 0.5 mm Hg pressure. Micrograph obtained af-_ 
ter 30 sec exposure of the specimen to the electron beam. Magnification 6700 X. 
Fig.5. SboS3 layer condensed on an Sn0g substrate at a nitrogen pres- 
sure of 2 mm Hg. Magnification 6700 X. 


graph. After some 10-12 sec exposure to the electron beam the structure becomes 
stable and the film appears to consist of small (0.3-0.5 yw) irregular, drop-shapet 
particles (Fig.3). 

At nitrogen pressures of 0.5 mm Hg and lower, there are obtained smooth 
layers, as a rule, devoid of noticeable structure (topography) at electron micro- 
scope magnifications up to 8000 X. Upon exposure to the electron beam there fre-: 
quently appear in these films zigzag cracks which tend to divide the film into a 
number of bands or sections (Fig.4,b). The width of these cracks is generally 
less than 0.1 yp. The cracks form rather rapidly: the entire surface of the film 
is covered with a network of fissures after 20-30 sec electron bombardment. It 
is interesting to note that the films most susceptible to the action of the elec-: 
tron beam are those obtained at nitrogen pressures from 1.0 to 0.05 mm Hg, while 
films prepared at lower pressures are more stable. Thus, for example, films con-: 
densed at pressure of 0.005 and 0.001 mm Hg exhibit a change in structure only 
after prolonged irradiation with an intense electron beam; the fissures appear- 
ing in this case subdivide the film into appreciably smaller areas than in the 
case of the thicker films. Films condensed on rock salt crystals and a tin di- 
oxide substrate are characterized by a similar structure. Some of the differ- 
ence between the structure of coatings condensed at pressures of 2 and 4 mm Hg 
on SnO»y substrates and the structure of films on plastic supports may be ex- 
plained by the influence of the lacquer applied to the films to strip them off 
the support. Stripping of the films by means of lacquer and gelatin led to the 
formation of 1.5-2 wide gaps in the layers (Fig.5). The formation of these 
gaps or light areas could readily be followed under an MBI-1 optical microscope. 
The submicroscopic structure of the layers, however, remained unchanged. 

Electron diffraction studies showed that all the layers obtained in nitro- 
gen are crystalline or at any rate become crystalline after a few seconds ex- 
posure to the electron beam. The crystals in some films are so large (at nitro- 
gen pressures under 0.5 mm Hg) that they yield single crystal-like spot patterns 
(Fig.4,a). The fissures in the films probably coincide with crystal boundaries. 

The above data pertain to films condensed on cold (20-25°C) substrates with 
an evaporator temperature of 500-550°. In the case of condensation on warm (100° 
substrates in nitrogen at the same temperature, there are obtained films consist- 
ing of much smaller particles. The degree of dispersion of the particles also 
increases with decrease in the temperature of the evaporated substance. 
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Formation of thin layers in a nitrogen atmosphere 
a en OS PNOLS 


In the evaporation of a substance under high vacuum (when the mean free path 
of the molecules is greater than the geometric dimensions of the apparatus cham- 
ber) condensation of the evaporated substance occurs as a result of molecular (or 
atomic) flow. Most of the evaporated molecules do not collide with molecules of 
the residual gas and hence move in straight lines. The condensate grows aS a re- 
sult of arrival of individual molecules (or atoms) on the substrate or film. De- 
pending on the type of substrate, its temperature and the nature of the evaporated 
substance, the condensate may be either crystalline or amorphous. An important 
factor here also is the thickness of the condensed layer. Thus, for example, in 
the case of antimony? thin layers (up to 150 4) on a plastic substrate are amor- 
phous, while thicker layers are crystalline. In the case of antimony sulfide 
amorphous layers form in vacuum deposition on a cold (20°C) substrate. 

The mechanism of formation of SboS3 layers (and probably of other substances 
as well) in an atmosphere of nitrogen (or some other inert gas) at pressures in 
the range from 0.01 to 4 mm Hg differs in principle from the mechanism of conden- 
sate formation in vacuum. In a gas the SboS3 molecules do not move in straight 
lines but, as a result of collisions with molecules of the gas, experience changes 
in velocity. Hence the molecular motion is characterized by a broken line in 
Space. As a result of such motion the Sbo9S, molecules collide not only with nitro- 
gen molecules but also with other antimony sulfide molecules. In consequence of 
collisions with like molecules, the Sbo9S, molecules unite into groups or form small 
crystals, the subsequent motion of which obeys the laws of Brownian motion. Fur- 
ther, the molecular groups and minute crystals repeatedly collide not only with 
individual Sb2S3 molecules but also with each other and coalesce into chain-like 
or flocculose formations. The general motion of such particles, despite their 
chaotic displacement in space, is still directed from the evaporator towards the 
colder substrate (hereinafter condenser) and the walls of the vacuum vessel. 

It is obviously impossible to give a rigorous solution of the problem of 
the number of collisions of Sb2S3 molecules with Np molecules and with each other 
‘and to determine the actual size of the particles that form as a result of these 
collisions. Hence below we can give only a rough picture of what occurs with 
molecules evaporating into a gaseous mediun. 

A. Rate of evaporation. The rate of evaporation, or the number of molecules 
leaving the vaporizer and entering the gaseous medium, depends on many factors, in 
particular, the temperature of the evaporator, the area of the exposed surface and 
the pressure of the ambient gas. In a system with a constant ambient gas pressure 
and a constant evaporating area, the rate of evaporation will depend primarily on 
the temperature. According to the data in Shakhov's book®, evaporation of anti- 
mony sulfide begins at about 600° and becomes intense at 800°, The increase in 
‘the rate of evaporation with temperature is exponential. Shakhov does not indi- 
cate, however, whether the above data pertain to vacuum or pinosphers¢ pressure. 
In our work we observed some evaporation of antimony sulfide at 400~ and very 
; evaporation at 500-550°, 
= eae of possible collisions of the evaporated molecules with nitrogen 
molecules. Upon escaping from the evaporator each Sb2S3 molecule moves along a 
‘straight line until it collides with an No molecule. According to molecular- 
kinetic theory ,? the length of the rectilinear path depends on the gas eens 
Thus at a nitrogen pressure of 1 mm Hg the mean free path equals seLaberiemak rn 
50 p. Consequently, under our experimental conditions (i.e., at REE iy 
1 to 4 mm Hg range) within a distance of 0.5 mm from the vaporizer shhh ye 
the Sb2S., molecules acquires the velocities and energies characteristic a 
nitrogen molecules and begin to move according to the laws of Brownian mo ° 
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Each evaporated molecule in moving from the evaporator to the condenser under- 


goes a large number of collisions with nitrogen molecules. In the case of ideal 
rectilinear motion at a pressure of 2 mm Hg and an evaporator to condenser dis- 
tance of 20 mm, the theoretical number of such encounters is 600. Obviously, 
under conditions of Brownian motion the number of encounters will be substantial- 
ly larger; it will be given by the expressionlO 

n= (=). (1) 
where L is the distance from the evaporator to the condenser, and is the mean 
molecular free path. For p = 2 mm Hg, X\ = 25 yw and under our conditions, we ob- 
tain n =~ 640 000 collisions. 

C. Molecular transfer time. The time it takes a molecule to travel from 
the evaporator to the condenser can be calculated on the basis of the average 
velocity of the nitrogen molecules, the mean free path and the number of colli- 
sions. In the case in question, the evaporator to condenser time T is approxi- 
mately 0.1 sec. 

D.Concentration of Sb2S3 molecules. Inasmuch as the molecules spend an 
appreciable time traveling from the evaporator to the condenser, there builds up 
a certain concentration of SboS3 molecules in the apparatus; the concentration of 
SboS3 molecules in a sphere of radius L with its center at the evaporator is 
given by 


t, (2) 


where V is the volume of the sphere, T is the evaporator to condenser travel 
time and N is the number of molecules evaporated per unit time. 

Assuming the concentration in the given volume to be uniform (in the first 
approximation) , we can readily calculate the antimony sulfide vapor pressure by 
means of the formula? 


a: cr 
P= 9.656.408" (3) 


where p is measured in mm Hg. 

E. Pressure. For each pressure there will be a corresponding mean free 
path and average number of possible collisions of the antimony sulfide molecules 
with each other. Thus for p= 2 mm Hg, the number of possible collisions will 
be >500 000. Assuming that most of these collisions are inelastic and that as 
a result of such encounters the molecules join into groups, we conclude that 
under these conditions the condensing layer will grow primarily as the result of 
the arrival of particles measuring 300-400 A. For lower rates of evaporation 
and lower pressures the particle size will be smaller. In our experiments by 
varying the pressure or temperature we were actually able to obtain particles 
of different size (see Fig.6). 

It is evident therefore that depending on the nitrogen pressure and the 
rate of evaporation, the layers may form as the result of arrival and deposi- 
tion of conglomerate flakes, small particles, groups of molecules or individual 
molecules. In the case of most of the films pictured in the accompanying micro-— 
graphs, condensation of the layers occurred owing to the deposition of flakes and 
individual particles at pressures of 2 and 4 mm Hg , and due to 100-300 A par- 
ticles at 1 mm Hg; at pressures of 0.5 mm Hg and lower the growth of the films 
was realized primarily through the deposition of particles of such small size 
that they could not be individually distinguished in the case of thick films 
Only for very thin layers could we detect and photograph the particles of which 
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the layer is formed. In the case of this type of forma- 


; hn : tion, even at low pressures (0.01 mm Hg) there are ob- 
~~» bos cas tained loose metastable layers consisting of a large nun- 
1 oe oS : ber of very small crystal nuclei, temporarily congealed 

Ss 


in chaotic disorder; under the influence of electron bom- 


bardment such layers quickly transform to the crystalline 
state. 


ae Conclusions 


bo 


1. In the case of evaporation of antimony sulfide in 
vacuum there are obtained layers with an amorphous struc- 
: ture regardless of the type of substrate. 

2. The formation of antimony sulfide layers in the 
case of evaporation in a nitrogen atmosphere (at pressures 
from 1 to 4 mm Hg) occurs through the adhesion of indivi- 
dual molecules, groups of molecules and small particles 
(minute crystals) which form through conglomeration in 
the gaseous phase (similar deductions regarding the char- 
acter of the formation process were arrived at by Sheftal' 
et alll in investigating the crystallization of germanium 
and silicon from the gaseous phase). As a result there 

Sh a are formed rough loose layers of the condensed material. 
ea Again the structure of the layers does not depend on the 
5 0.01 +«type of substrate. 

ee 3. The structure of thin Sb2S, layers obtained at 

—' : pressures under 1 mm Hg is affected by electron bombard- 
Fig.6. Shape and size ment: upon exposure to the electron beam the layers quick- 
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etna 


of SboS3 particles ly transform to the crystalline state. 

composing layers fornmn- 
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ELECTRON MICROSCOPIC INVESTIGATION OF FINELY DISPERSED CARBONYL IRON 
- A.A, Petrova, E.V.Tsvetkova & V.M. Gorshunova 


Depending upon the conditions under which iron pentacarbonyl, Fe(C0O)5, is 
decomposed, the resultant product - "carbonyl" iron - may be obtained in either 
of two qualitatively different forms: 1) a friable, filiform powder (the so- 
called "iron wool" - Fig.1), or 2) a powder of spherical particles (0.5 to 10 » 
in diameter), characterized by a so-called "bulbous" structure (Fig.3-4). 

In the present article we describe a technique 
developed for electron microscopic investigation of 
these two types of powder. 

For the purpose of direct electron microscopic 
investigation, we chose the dispersion method!, 
which consists in depositing drops of an alcohol 
suspension of the sample onto a carbon film mounted 
on a specimen grid. The optimum concentration of 
the powder suspension was found experimentally. 

The method of obtaining a thin, structureless car- 
bon film support has been described earlier. 2-3 
The micrographs of the ferromagnetic material (car- 
bonyl iron) were recorded in an ESM-50 electrostat- 
¢ ic electron microscope. + 

b There are only brief mentions in the litera- 
Fig.1. Micrographs of fili- tureS~7 regarding electron microscopic studies of 
form carbonyl" iron parti- the secondary structure of carbonyl iron. We in- 
cles. Magnification 6000 X. vestigated the secondary structure by means of an 

indirect procedure, i.e., by transmission photo- 

graphy of two-stage carbon replicas; these brought out the structure with ade- 
quate accuracy and contrast. The preparation technique consisted of the usual 
two stages? ,8,9, 1) the preparation of a microsection and its etching and 2) 
the production of a carbon replica. 

Cores 9.2 mm in diameter and 19 mm in length were fabricated by compressing 
the iron powder with an insulating dielectric (bakelite); these were first faced 
with fine emery cloth and then polished with fine GOI [State Optical Institute] 
compound and aluminum oxide powder. The final microsections had a characteristic 
metallic luster and were free of scratches when examined under a metallographic 
microscope at a magnification of 650 xX. 

The microsections were etched to bring out the microstructure. To find an 
etchant that would clearly bring out the "bulbous" structure of the carbonyl 
iron, we tested all the common etching solutions employed for chemical etching 
of steel.? A 1-2% solution of nitric acid in alcohol proved to be the most suit- 
able etchant. The etching time was 30 sec. 

Following the technique worked out earlierl9, the etched surface of the 
microsection was spread first with a 1.5% and then a 10% solution of collodion 
in amyl acetate. The thick dry collodion film was stripped off with a pair of 
forceps after having been scored with a knife at the edges. Then carbon was 
vacuum—evaporated onto the contact side of the collodion film. 

The resulting double film (collodion + carbon) was cut into 3-4 mm Squares 
and these were lowered into a Petri dish filled with amyl acetate. The collodiar 
dissolved, and the carbon films were retrieved on grids. 

The electron microscope photographs of the secondary structure of carbonyl 
iron disclosed four qualitatively different types of particles: 1) particles witl 
a well-defined "pulbous" structure (Fig.3a), 2) particles with a partially dis- ) 
turbed “bulbous” structure (Fig.3b), 3) particles with a "bulbless" structure 


& 


£ 


a) da tl pet ee 


Fig.2 Fig.3 Bear 


Fig.2. Micrographs of "carbonyl" iron (KZh grade powder): a) single and conglomer- 
ated particles, b) single particle. Magnification 3000 x. 
Fig.3. Micrograph of KZh "carbonyl" iron: a) with pronounced "bulbous" 
structure, b) with disturbed "bulbous" structure. Magnification 3000 x. 
Fig.4. Micrograph of KZh "carbonyl" iron: a) with "bulbless"” 
structure, b) fragments of particles. Magnification 3000 xX. 


(Fig.4a), and 4) fragments of particles (Fig.4b). 

It was also found that carbonyl iron particles are either individual laminar 
formations of spherical shape or conglomerates composed of layers formed simultan- 
- eously about a group of several iron crystallites. 


References 


1. A.I.Frimmer, Zavodsk. laboratoriya, 20, 686 (1954). 
2. D.E.Bradley, Brit.J.Appl.Phys. 5, No.2, 65 (1954). 
3. A.A. Petrova, V.I.Pochtarev & E.V.Tsvetkova, Zhur.fiz.khim. 31, 372 (1957). 
4, Elektronnaya mikroskopiya (Electron Microscopy), M. 1954. 
5. L.-Delisle, J.Metals, 1, 228 (1943). 
6. A.Taylor, Soft Magnetic Materials for Telecommunications. London, 1953. 
7. F.Eisenkolb, Die Neuere Entwicklung der Pulvermetallurgie. Berlin, 1955. 
8. D.S.Shraiber, Izv.AN SSSR, Ser.fiz., 15, 355 (1951). 
9. E.E.Levin, Mikroskopicheskoe issledovanie metallov (Microscopic investi- 
gation of metals). M., 1955. 
10. A.A, Petrova, Ya.I.Vabel' & S.V.Golubtsov, Sb.tr.NII, Goskhimizdat, No.l, 
102, 1958. 


- 684 - 


RESOLUTION OF ELECTROSTATIC ELECTRON MICROSCOPES 
- D.V.Fetisov, F.U.Spektor, V.I.Milyutin & K.K.Raspletin 


The ultimate resolution of an electrostatic electron microscope (7-8 A), 
calculated taking into account electron diffraction and spherical aberrationl, 
is not realized in practice inasmuch as the actual resolution is limited by othen 
factors, which include axial asymmetry, chromatic aberration, etc. Nevertheless, 
the spherical aberration of electrostatic lenses is very considerable in compari-- 
son with that of magnetic lenses and increases progressively for even relatively 
small deviations of the geometric and electrical parameters of the lens from the 
optimum values. Hence design of a high-resolution electrostatic microscope re- 
duces primarily to finding lenses with minimum aberrations. Since theoretical 
solution of this problem is very complicated, the optimum geometry of electro- 
static lenses must be determined experimentally, either by measuring the resolu- 
tion of the microscope as a whole under different operating conditions or by com=-- 
paring the aberration of different lenses. 

We investigated the effect of the field asymmetry of electrostatic lenses, 
as well as of the entire optical system, on the resolution. We also measured 
the spherical aberration of electrostatic lenses and evaluated influence of rip- 
ple in the accelerating potential. 


Asymmetry of the Optical System 


The axial symmetry of the optical system of an electrostatic microscope may 
be disturbed as a result of inaccuracies in fabrication or misalignment of the 
electrode apertures or/and the lens assemblies. Furthermore, in the event of 
contamination, the field symmetry may also be disturbed by the charge fields of 
the contaminating deposits. In view of electron retardation in the central re- 
gion of the lens, the effect of these factors is more telling in electrostatic 
as compared with magnetic microscopes. 

It should be noted that the optical parameters of an electrostatic lens are 
determined almost exclusively by the geometry of the middle electrode. Hence we 
investigated the influence of ellipticity of the aperture of the middle electrode 
of the objective lens on the resolution. For the measurements we used an ESM—-40 
microscope2, which was specially adapted to this purpose, and in which the ob- 
jective could be replaced without disturbing the adjustment of the other compon- 
ents. The ellipticity of the aperture of the middle electrode was evaluated as 
the greatest difference between its diameters: Ad = duax ~ dnine The aperture 
diameters were measured to within +1 » by means of a UIM-21 microscope. We used 
an MF-2 microphotometer to determine the resolution as the least distance between 
two points on micrographs of colloidal silver. We exposed 20 to 30 micrographs 
for each value of Ad. The variation of the aperture during measurements did not 
exceed 0,5-0.8°1073 radians. 

The resulting dependence is shown in Fig.1, from which it can be seen that 
the resolution of the microscope improves with decreasing ellipticity of the 
aperture. Upon attaining 60 A (for Ad = 3-4 y), however, the resolution remains 
constant and does not improve with reduction of Ad, which indicates that the 
resolution is limited by other factors. Nevertheless, the experimental results 
do indicate the nature of this dependence and provide a basis for establishing 
the ellipticity tolerance for objective lenses use in microscopes with a resolu- 
tion of ~50 A. 

To investigate the influence of coaxiality of the objective electrodes on 
the resolution, we used the same instrument to measure the resolution with the 
upper and middle electrodes shifted relative to the optical axis (Fig.2). The 
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‘OA results are presented in the form of § = (A) curves 
(where § is the resolution and A is the displacement 
of the electrode axis from the optical axis), It fol- 
lows from Fig.2 that alignment of the middle electrode 
90 is most important. The accuracy of this alignment must 
be within 0.01 mm, which amounts to about 0.4% of the 
aperture diameter. The requirement for the upper elec- 
a trode is less stringent, amounting to 0.02-0.03 mm, or 
approximately 5% of the aperture diameter. Using a 
similar procedure, we studied the dependence of the 
resolution on misalignment of the lenses; the results 
aa. iad aad Al ps are plotted in Fig.3. It was shown that in a two-lens 
: optical system a shift of the projector lens from the 
Fig.l. Variation of the geometrical axis by a distance of up to 1.0 m practi- 
resolution with ellip- cally does not impair the resolution, provided the il- 
ticity of the aperture luminating system can be displaced to a sufficient ex- 
of the middle electrode tent. 


of the objective lens. In a three-lens optical system the requirements 


GAS io, 


4,201 Nn 
A4<£00) 
Fig.2. Variation of the resolution Fig.3. Variation of the resolution 
with misalignment of the upper (a) with lens misalignment in a two-lens 
and middle (b) electrodes of the ob- (a) and a three-lens (b) optical sys- 
jective. tem. 


as regards alignment of the lenses become more exacting: to assure a resolution 
of 50-60 A, the deviation of the intermediate lens from coaxiality must not ex- 
ceed 0.2 mm. Actually, however, an even higher accuracy of lens alignment may 
prove to be insufficient in view of the deposition of contamination; consequent~ 
ly, there should be provision for alignment of the lenses during operation of the 
microscope. 

It follows from the above that a high-resolution instrument should be equip- 
ped with a stigmator (asymmetry compensator). For the purpose of choosing the 
best stigmator design, we compared two compensating systems: systems with elec- 
trical (by means of sine potentiometers) and with mechanical control of the azi- 
muthal rotation of the field. Comparative tests revealed that the mechanically 
controlled stigmator is simpler to manufacture and more reliable under working 
conditions. 


Spherical Aberration 


Spherical aberration was studied by measuring the magnification of two me- 
tallic screens mounted in front and behind the lens under investigations. By 
this procedure we determined the focal length, the position of the principal 
and focal planes, and the spherical aberration constant C, for a large number 
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of different lenses as functions of the geometric para- 
meters and the potential on the middle electrode. De- 
termination of C, is of particular interest in the case 
of a lens operating as an objective with the focal 
plane located outside the region of the field. This 
mode of operation can be characterized by the following 


condition: 


BS 


al phe 

i 2s ee h=f—Z>Ztl+a 

mn] ° 

d (the notation is made clear in Fig.4). 

The values of the spherical aberration constant 

ie for lenses with different geometries are given in the 
accompanying table. 

fe se In spite of the appreciable scatter of the experi-- 

Fig.4. Diagram of the mental values there is clearly apparent a tendency for 

electrostatic objective: C, to diminish with an increase in the thickness of the: 

O - object, 4 - distance middle electrode. It should be noted that Cg also de- 

from the object to the creases with an increase of the middle electrode aper- 

center of the lens,7T~- ture; the smallest value of Cg was obtained in the case: 


thickness of middle of large apertures under operating conditions when the 
electrode, f- focal potential of the middle electrode of the lens was some- 
length, a- thickness of what negative relative to the cathode. It is very in- 
upper electrode, d- portant to note that under these optimum operating con- 
diameter of the aper- ditions the principal plane of the lens approaches very 
ture in the middle close to its center, while the focal plane shifts to the 
electrode. side of the object, i.e. fh. 
Ria A es OE 
T | d Cs | rH] rt | d Cs | 7-4 
4 4,66 | 178 |- 5 2,07 | 470 
2,04 108 >) Sils 123 Si) 
254i (210 5,49 62 
3 1,91 56 6,47 40 
3,02 | 494 >6 6 3,03 | 448 
4,69 Aa 5,04 58 >7,9 
6,56 49 


Hence the way to design objective lenses with minimal spherical aberration 
is clear: one should increase thickness and aperture of the middle electrode and 
apply to it a negative potential relative to the cathode. 

In conclusion, mention should be made of our experiments to determine the 
influence of ripple in the accelerating potential on the resolution. For this 
purpose we artifically increased the ripple amplitude from 0.005 to 0.028% by 
introducing a supplementary rectifier load and reducing the capacitance of the 
filter capacitors. The resolution of the microscope was measured with electri- 
cal (by means of a voltage divider) and mechanical (by displacing the objective 
along the axis) focusing of the image. It turned out that in the case of a 
0.005% ripple the maximum resolution (50 A) of the microscope was attained with 
both types of focusing. In the case of ripple of the order of 0.02%, the resolu- 
tion deteriorated markedly: to 110-120 A in the case of electrical Bee 80-90 A ir 
the case of mechanical focusing. 


eee, 


- 687 - 


Further improvement of resolution is predicated on solution of certain ad- 


ditional problems, in particular, design of electrostatic lenses with a greater 
‘breakdown strength, finding means for better shielding the instrument against 
variable magnetic fields, providing for necessary alignments and adjustments of 


the optical system components and, finally, introduction of traps for oil vapor 


with a view to minimizing contamination of the apertures and, especially, lens 
electrodes. 
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ULTIMATE RESOLUTION OF EMISSION ELECTRON MICROSCOPES 
- Yu.V.Vorob'ev 


The theoretical resolving power of immersion objectives of emission electron 
microscopes is given by the formula 


ren (1) 


where ¢ is the most probable initial electron energy and E is the electric field. 
at the cathode. | 

The proportionality constant k varies in the range from 0.1 to 0.3, depend- 
ing upon the nature of the emission and location of the plane in which the image | 
is viewed.1 

The simplest way to enhance the resolving power of an immersion objective 
is to increase the electric field strength at the cathode. However, the danger 
of electric breakdown between the objective electrodes sets a practical limit of 
the order of hundreds of angstroms on the resolution of present-day emission 
microscopes. Consequently, to improve the quality of the image still further, 
it has been proposed that small aperture diaphragms be used in the immersion ob- 
jective. Thus, Fert & Simon? developed a magnetic immersion objective with an 
aperture 30 1 in diameter, which yielded a sharp decrease in the proportionality 
constant k in Eq.(1) and made it feasible to increase the resolution to 250 Ae 
The possibilities of this method are limited, however, because small aperture 
diaphragms are not only difficult to adjust properly but are also liable to ac- 
cumulate additional charge from the electron beam; this leads to a sharp increase 
in axial astigmatism which is difficult to control. Consequently, in addition 
to further improvement of present means, it is necessary to seek new ways of in- 
proving the image quality emission microscopes. 

In the present study we shall show that the resolving power of an emission 
microscope can be significantly enhanced by means of an electron mirror used as 
a filter. We shall consider a microscope in which a plane electron mirror is 
mounted after the projection lens and perpendicular to the optical axis, so that 
it throws the final image on the viewing screen (Fig.1). If a weak negative 
(relative to the cathode) potential is applied to the mirror, it will reflect 
only those electrons which left the cathode with low initial energies, while the 
faster electrons will be absorbed by the mirror, and therefore will not partici- 
pate in forming the final image. 

In what follows we shall confine our investigation to the case of a thermi- 
onic cathode. Let dN be the number of electrons emerging per unit time from an 
element d/, of the cathode, located on the optical axis of the system. Further, 
let the energy and direction spreads of these electrons be ds and dx, respectivel 
Then, in accord with the Maxwell-Boltzmann law, we have: 


€ 


dN =Ce "T sdesin 2ada, (2) 


where a is the initial angle of the electron trajectory relative to the axis and 
Vr is the most probable energy of the electrons leaving the cathode (at tempera- 
ture T). Let us assume that the electron pencil penetrates the area element 


df= 2nrdr on the image plane. Then the number of electrons passing through this 
area per unit time will be 


dN =dj-2nrdr, (3) 


ia) Lelexe! Co 


as 


5 2G 


Fig.2. Variation of the resolution 
(1) and image intensity (2) with the 
mirror potential. 68 and Ig are, 
respectively, the resolution and cur- 
rent density on the screen in the ab- 
sence of a mirror. 


_Fig.1. The optical system of where ; is the current density on the screen. 


the instrument: C) cathode, Since the electrons are incident on the electron 


0) objective, P) projector, mirror after having passed through the objective 


S) screen, M) mirror. and the projector lenses, the electron pencils 
have a very small aperture at the mirror; conse- 
quently, we can disregard the intrinsic aberrations of the electron mirror. 
The distance from the axis of symmetry in the image plane of an electron 
Sa has emerged from the center of the cathode is given by the following equa- 
tion’: 


r = — M sin 2a, 


where M is the magnification; then 


2 
rdr = 2 a M? sin 2a cos 2a da, 


whence, postulating conservation of the number of particles, we obtain 


. Vir 
dj = C’ sce for Te 


€ 
e2 E 
Fpl? — i 


M 


dj =0 for r>—M. 
If a potential V, relative to the cathode is applied to the surface of the 


mirror, only electrons with energy «<V) will participate in formation of the 


image. Hence the current from the element d/, on the cathode impinging on a 


circle of radius r in the image plane will be given by 
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where rE 
Oo aia 


If we now define the resolution as the radius of the circle receiving 80% 
of the intensity, calculations yield the variation of the resolution with the 
mirror potential shown in Fig.2. It follows from the curves of Fig.2 that with 
a current density on the cathode of the order of 1 amp/cm2 and a magnification 
of 30 000 X, the image will still be visible on the screen when Vo = 0.5V7; this| 
means that the resolving power of the microscope is increased by about a factor 
of seven. 
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RESOLVING POWER OF AN IMMERSION OBJECTIVE IN THE PRESENCE OF ELECTRIC 
AND MAGNETIC MICROFIELDS ON THE CATHODE 
- G.V.Spivak & V.I.Lyubchenko 


Introduction 


In earlier work! , we used different electron optical emission systems for 
observing domains in ferromagnetic and ferroelectric materials and elucidating 
the structure of electric and magnetic microfields. Such fields belong in the 
class of "microlenses", modulating the electron trajectories, which make it pos- 
sible to observe the associated microstructures. Such "microlenses" also include 
differences in the microgeometry of the cathode, i.e., "patch" fields appearing 
as a result of variation of the work function over the surface of the cathode, 
nonuniform charge distribution over low conductivity surfaces, local concentra- 
tions of space charge near the cathode, etc.2 

When an emission system is used for observing the distribution of emission 
centers over the surface of a cathode, the "microlenses" give rise to "pseudo- 
contrasts" in the emission pattern.* In other cases, on the contrary, it is de- 
sirable to obtain an image of the microlenses themselves, disregarding or elimin- 
ating the regularities of electron emission influencing the contrast in the image. 
Here a certain type of microlenses may give rise to pseudocontrast with respect 
to other microlenses. Thus rough spots on the cathode may influence the image of 
the contact fields associated with patches, etc. 


Influence of the Macrolens on the Contrast of the Microlens Images 


An important factor in experimental observation of microlenses is the inter- 
relation between micro- and macrolenses in emission systems. To obtain emission 
images one must necessarily use an immersion objective which always contains an 
accelerating electric field and focusing electrostatic and magnetic lenses. These 
external fields ("macrolenses") can in turn affect the contrast of the "microlens" 
picture, i.e., sometimes intensify or sometimes weaken it, or even suppress it al- 
together, inasmuch as the electron motion near the cathode is determined by the 
total field. 

Assume that we have an electric microlens characterized by the field compo- 
nent E,, and that there are present the macrofields E, and H,. Then the equations 
of electron motion will be 


mz = eE, — ey H, (1) 
my = ex H, (2) 
mz =eE,. (3) 


Multiplying (2) by i and adding to (1), we obtain 
mu = eE; + ei Hun, (4) 
Reducing (4) to the form of a first order inhomogeneous differential equation, 
we obtain 


yu = ciot ics Fe e—tat + Cc) , (5) 


*Obviously with the exception of the case when the microlens itself is at 
the same time an emission center. 
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where w=y7H, and y=e/m. In view of the fact that for ¢=0, u=wu, we obtain 


ms oe 
C= ta . 
Zz 


Integrating (5) over ¢ and assuming that for ¢=—0, u—0, we find the con- 
stant of integration (;: 


: E 4 
6 =—(u = CHEE ; 
1 0+ ill. in H, 
consequently, 
iB, t uo E iwt 1): 6 
ome IE, nen en : (6) 
whence we obtain 
— 4 EB. 4 1 ¥ « 5 , . (1) 
eae Ae | Sealab sae pak EO ag OL ee 
fons By t Chena aaee 1 ee ; (8) 
y = We ee sin wt + in (Yo Sin wt — Lg CoS Wt + Zp). 


Zz 


Solutions (7) and (8) satisfy the initial conditions (¢=0)x=y=0, ©=% 
and 7 = yo, and moreover show that ; 

1) owing to the presence of the terms containing xz, and y%, the image is 
affected by the initial velocities, which influence the resolution of the system 
imaging the microlens E,, and 

2) if the initial velocities 1) and y, are low compared with the velocity 
imparted by the microlens field F,, at first increase of H.will have a greater 
effect as regards suppression of the initial velocities than as regards suppres- 
sion of the field F,. Hence with increase of H; we may expect at first improve- 
ment in the quality of the microlens image and only later its suppression (when 
H,>E,). Consequently, the macrolens H, modulates the contrast and determines 
the possibility of observing the microlens. 

Different possible combinations of electric and magnetic microlenses with 
macrolenses are listed in the accompanying table. The "+" sign indicates that 
in the given case the macrolens will accentuate, i.e., bring out the microlens; 
a "~"' sign means that the macrolens will suppress the microlens. We note that 
a magnetic macrolens always implies an accelerating electric field. 

Inasmuch as microlenses can be imaged by means of thermionic, photoelectric 
or secondary emission, an electron mirror, an electron optical scanning system 
or other means3, a significant role must be played not only by the kinetics but 
also by the width of the beam of charged particles utilized in the apparatus. 

In general, important parameters will be those determining the ratio n (of the 
electrons or ions), the velocity, concentration (space charge), and angle of 
incidence of the particles on the investigated surface. 


Resolving Power of the Immersion Objective in the Absence of 
Microlenses on the Cathode 


The problem of electron trajectories* and the resolution of immersion ob- 
jectives have been considered by a number of authors proceeding from different 
initial assumptions. Briiche ,° Recknagel® and Artsimovich7? all called attention 
to the fact that the resolution of emission systems is limited because of the | 
wide aperture of the beam entering the accelerating field of the cathode lens. | 
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Observation of microlenses in different combinations with macrolenses 


Macrolenses 


electrostatic 
Microlenses | 
Electrostatic 


weak | strong| weak | strong | weak strong 
e.f. e.f. e.f. e.f. e.f. e.f. 
a) geometric inhomogene- 
ities (microrelief) - - + - + + + + 


b) potential inhomogene- 
ities & local surface 


charges, field domains, etc. - - - + - + - 
Magnetic 

(domains & magnetic inhomo- 

geneities) 

a) easy magnetic saturation - ~ - + ~ + - 


b) difficult magnetic satu- 
ration — + — + — + _— + + - 

Notes: m.f. = magnetic field; e.f. = electric field. 

The signs "+" and "-"" indicate a qualitative evaluation of the expected 
results, which depends on the realtive strength of the micro- and macrofields 
in the indicated combination. It is clear, however, that a EF, field of even 
great strength cannot suppress a microlens associated with microrelief inasmuch 
as the greater E,,the stronger will be the microlens field (the equipotential 


surfaces near the cathode repeat its topography). 


A wide beam coming from a point on the cathode gives rise to a circle of scatter- 
ing (diffusion), the size of which, relative to the cathode, determines the reso- 
lution of the systen. Vorob'ev® treated the problem of imaging of cathode points 
at a distance from the optical axis. The width of the particle flux coming from 
the cathode and entering the accelerating field is defined by the fan-like spread 
at the point of emission of the initial electron velocity vectors. It is assumed 
that the angle «. between the initial velocity vector and the normal to the cath- 
ode varies from 0 to x/2. On the basis of these concepts there was derived the 
following formula for the resolution limit § in the presence of "mechanical" dia- 
phragming: 


2e 


8 = [sing (1 — cos), (9) 


where 8 is determined by the initial kinetic energy « (in ev), the electrostatic 
field EF, at the cathode and the angle > subtended by the diaphragm limiting the 
beam. The numerical coefficient in Eq.(9) given by different authors differs 
depending on the method of calculation, in which it is necessary to take into 
‘account not only the angular scatter in electron velocities but also the decrease 
‘in emission intensity with increase of the angle between the velocity vector and 
the normal. 

Simen T'ai-el0, extending the work of Septier, considered the case of an ob- 
jective containing a magnetic and an electric field, taking into account the rela- 


. 
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tivistic correction. Wu Chiuan'dell, who assumed a Maxwellian distribution and 
took into account the influence of the photoelectron distribution function on 
the quality of the image, found that the resolution limit must be one order on’ 
magnitude smaller than determined earlier°-7, Taking diffraction into account 
leads to a decrease of 8. Consequently, enhancement of the resolution is ob- 
tained by a) decreasing , b) increasing and c) diaphragming. 

The value of is, of course, determined by the type of emission. Increase 
of can be realized in different ways. In Ref.4 there was described a device 
in the form of a four-electrode objective lens (a cathode and a single electro- 
static lens with a high potential of the end electrodes). One can also use a 
five-electrode objective with an additional diaphragm.13 In the case of a con- 
ventional three-electrode objective, one can periodically apply square voltage 
pulses, higher than the steady voltage, for intervals shorter than the develop- 
ment time for vacuum breakdown.14 Finally, one can eliminate the intermediate 
focusing electrode from the three-electrode objective and provide for the focus- 
ing by means of a magnetic lens.15,16 


Mechanical diaphragming at the crossover 


Recently the question of resolution has been examined anew by Fert & Simon. 
These authors describe a system in which the electrons first enter an accelerat- 
ing field which is not shielded by a Wehnelt cylinder, and then, passing through 
an anode aperture, are diaphragmed in the crossover and focused by a magnetic 
field. The experimentally determined resolution of such a system proved to be 
250 1 which exceeds the theoretical value 2.5 times. 

Mechanical oeapa Soe has also been utilized in a number of other recent 
investigations.18-20 In particular, in the work of Bayh1l9 the diaphragm aper- 
ture was varied from 100 to 8 yp. So small an aperture, however, is not expedien 
inasmuch as, absorbing many electrons, it heats up greatly and tends to fog the 
photographic plate. 


Increasing the transmission factor of the immersion objective and diaphragming 
of the electron beam by a magnetic field acting at the cathode 


In the experimental arrangement used by Fert & Simon!7 the magnetic field 
focuses the electrons after their passage through the accelerating electric fiell 
Here the narrowing of the cathode beam is produced by the electric field, while 
the magnetic field is not concentrated at the cathode. In their treatment these 
authors consider only the influence of the electric field. For the purpose of 
elucidating the effect of the magnetic field on the width of the beam immediatell 
after its emergence from the cathode distorting the electron trajectories, let 
us consider the more general case when both an electric and a magnetic field act 
at the cathode, 

Let the electron move in uniform electric and magnetic fields directed alor 
the z axis. The cathode is located in the z= 0 plane. After completing n revc 


lutions with radius inher the particle again arrives on the line of force 


at the point z—z,. Let us assume that after Z=Z, the magnetic field #H, no 
longer affects the motion and that thereafter the motion occurs only under the 
influence of the electric field EF, Let us reckon t as the time of motion from 
Zn (in the electric field), and take the time for arrival at Zn equal to nm | 
where tT is the time of one revolution. 
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‘ The motion along the x axis is determined by the corresponding component of 
the initial emission velocity, while the motion along the z axis is determined 


by the initial velocity and the acceleration due to the field £,. The path com- 
ponents will therefore be 


= vot sina 
# 0 0 (10) 
am ° ; eH, ‘ 
eG + 2m t ) (11) 


5 eE 
where Zn = Vp COS Mp + ——nt. Using (10) to eliminate ¢ from (11) and inserting the 


value of z, in (11), we obtain 


Sy cig. ag + on. 2 
A . 2m vy sin? g (12) 
wherein Ms 0 
eh nt 
—|4{ 4 eel ey 
1 ( su Mo COS Ao/ * (13) 


It will be evident from (12) that beginning with the point z =z, the electron 
moves along a parabola, the coordinates zx, and z, of the apex of which are deter- 


mined by means of (12) from the condition that in the limit as x-—>7,, ee oe: 
Z 


a's aan (14) 
n= — Y Ge SiN a COS ay 
Zz 
and 
2 
v 
Zp = — {7 5 C08" dp. ey 
Zz 


Eq. (14) and (15) show that the problem in our case, when the electron again 
is returned by the magnetic field to the same line of force, differs from the 
"no magnetic prehistory" case of Briicheo by the presence of the factor 7. 

; Inasmuch as in uniform fields £, and H,, the velocity in the x direction re- 
mains constant, we can write 


V SIN Omax = Sin dy, (16) 


where ¢, is the aperture of the beam defined by the mechanical diaphragming, and 
%max and the velocity v are determined at the point where the acceleration by 
the uniform electric field terminates. Following the same line of argument as 
employed by Briiche, ° we obtain for the resolution limit in the general case when 


H, £ 0 


mv, 2v2 nt 
On, +0 = ( = =< ; Ja — cos $,) sin dy. (17) 
This relation differs from 
mv, ; 
bH,—0 = p(t — cos p) sind (18) 
4 


‘by the presence of the second term in the first parentheses; obviously, for H,= 
= 0 Eq.(17) becomes identical with (18). Eq.(17) remains meaningful as long as 


2 
0 


‘ i, F-— h 
# Z 


mv 20? nt 
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Thus a better resolution than that indicated by (18) is due precisely to 
the presence of a magnetic field: the electrons after completing a certain num- 
ber of revolutions again collect at the axis, but now at a certain distance fron 
the cathode, where by virtue of the longitudinal acceleration, the ratio 
is smaller than its initial value at the cathode. 

We note that evaluation of "magnetic diaphragming" by means of Eq.(17) is 
approximate inasmuch as it is tacitly assumed that all the electrons emerging 
from a given point of the cathode again come together at a single point. (Actu- 
ally, this is rigorously true only for electrons with the same v,.) However, 
in imaging sections of the cathode adjacent to the optical axis with a suffici- 
ently strong H, all the electrons should have a pronounced tendency to move alon 
the magnetic field. This means that in the presence of H, an appreciably great- 
er number of electrons will pass through the mechanical diaphragm (as compared 
with the number passing with no magnetic field). In other words, a magnetic 
field acting immediately over the surface of the cathode must increase the trans 
mission factor of an electron optical immersion objective. In the presence of 
such a magnetic field one can further reduce the beam aperture and thus increase 
the resolution without serious loss. 


Determination of the Resolving Power of an Immersion Objective 
by the “Aimed Striking Method 


So far we have considered an emitting point on the cathode and a wide pen- 
cil of electron trajectories emerging from it. Far from the cathode the tra- 
jectories become almost straight lines. One gets the impression that the elec- 
trons travel along straight lines (tangents to the real trajectories) emanating 
from a certain region located behind the cathode where the tangent pencil has a. 
minimum cross section. This region is treated as the imaginary electron source. 
Geometric calculation of its diameter leads to the resolution formulas (19) and. 
(17). 

A more universal and convenient method consists in regarding the emission 
microscope as an analyzer sorting the electrons according to some characteristic 
or indication. In the case when the emission density distribution is imaged on) 
the microscope screen, this indication must obviously be the coordinates of the: 
point of emergence of the electrons from the cathode. The microscope objective: 
must analyze the electrons according to the "point of emergence” indications 
without regard to the other characteristics. It must be noted, however, that 
actually a whole spectrum of coordinate values on the screen will correspond to) 
each given "observed" electron emergence coordinate. The concept of an "observ 
quantity, formulated by Dirac2l1, is very convenient for the theory of immersion: 
objectives. An ideal instrument analyzes only the "observed" quantity for whicl 
it was designed; hence its resolution is infinite. In contrast to an ideal in-- 
strument, an actual instrument reacts to some degree to extraneous effects as 
well. The concomitance of the ideal "observed" and extraneous effects comprise: 
the real "observed" quantity. 

‘i An ideal immersion objective must analyze the electrons according to the 
point of emergence" x, In the case of a real objective, however, the point ai 
which the electrons strike the screen will also depend on the initial energy eg, 


the angle of emergence ao and the conditions governing the flight 
in the fields E, and H,. 3 ght of the elect 


*Actually, of course, N=Mz,+ /, where Mis the magnification. But for 
our purposes it is more convenient to set w= 1 throughout. 
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be imaged at one and the same point on the screen, although they may have actual- 
ly emerged from different points of the cathode; thus the point NV will be the 
image of the point xz) only with an accuracy to within f. Hence the quantity / 
can be taken as the measure of the resolving power without coming into conflict 
with the familiar definitions. 

Thus the quantity of interest to us, xz , can be determined only with a cer- 
tain degree of uncertainty. This degree of uncertainty then determines the re- 
solving power of an actual instrument. The usual procedure is to consider an 
emitting point on the cathode and investigate where the electrons emerging from 
it strike; we propose to do the opposite: we shall choose a point on the screen 
and attempt to determine what electrons can strike this point. The proposed pro- 
cedure may logically be called the method of "aimed striking". 

We shall show that the new definition of resolution is not in conflict with 
the results obtained earlier by the method of tangents to the electron trajec- 
tories®, 

Let us apply the "aimed striking" method to a number of problems. First, to 
demonstrate the equivalence of the method, let us deduce the already familiar re- 
sults of Briiche®. 

Let -, = H,=0 in Eqs.(1) and (3); then we have 


X= Xo + vzt, (19) 
eb, 
Z—Vz zt +- a t= (20) 
Solving the last for ¢, we obtain 
SS oll) ibe ee AD 


Inserting this value of ¢t in (19), we find NV, the coordinate of the point at 
which the electron strikes the screen: 


i N = Ly — 


MV, mv, es a 2 y mv,2z (22) 
cE, eH, ) eB, Y 


a 


2 
where v, and v, can be defined in terms of »% and a, and ° =; substituting 


ain (22) we obtain 
N = 2 )— 8sin 2a + V 8? sin® 2a + 462 sin? ap. (23) 


4 As will be evident from (23), |N—z,| depends on z. For large z, however, 
this dependence proves to be unimportant. Actually, the primary role in the vari- 
‘ation of {N—z,| is played by the "error" of the instrument, the maximum value 
of which is equal to 5 which enters into all the terms on the right in (23) ex-. 
cept Zo- aka) 


che . 
és Setting —> which agrees with the results of Bru 


= cee, we obtain j=, 
‘ Zz 
; ’ trajectories. 

obtained by the method of tangents to the electron 

if Let i now consider the case of the influence of an electric microfield on 
the resolution of the emission picture. The electric field at the cathode is 
‘now non-uniform and is given by the superposition of the potentials 


. 


eH,z and exp (— +) ' 


ei i We, 


a. 
' < 


- 698 - 


where % is the average effect of the microfield potential, sis the distance 
at which the perturbation is attenuated by a factor of ec. Solution of the equa- 


tions of motion 


vs eb 2 

mxz=0O and mz= FE, — exp ‘= =) 
yields sive 
=X) tit and z=2%,+(v,+ Avjit > f- 


For the value of eee ee for the striking point on the screen we 
obtain ‘ 
mv, (v, + Av) 


a +F, 


Y £ 
WV == 


where F is a square root similar to that in (23). Additional impairment of the 
resolution is determined by the quantity 


mv,, Av m Te 


ERT Feet IS oo SS (24) 


Zz 


Aé = 


This result is similar to that obtained by Bertein?2 but it now includes 
not only the effect of the microgeometry but also that due to the presence of 
other microlenses. 

It follows from Eq. (24) that in the limit as E,—> 00, Ad 0. This deduction 
is not, however, always valid, inasmuch as 

1) the microlens may have a field component F, that is not influenced by 
the field £,. Consequently, even an arbitrarily strong axial field will not mak 
such a microlens "invisible"; 

2) a complex microtopography (for example, projecting points) cannot always 
be described by an averaged perturbation factor along the Z axis. The field at 
an elevated point will increase with increasing strength of the external field. 

Lastly, let us apply this method to the problem of increasing the transmis- 
sion factor of the objective and diaphragming by means of a magnetic field act- 
ing from the surface of the cathode. Let us set F£,=—0(0 in Eqs.(1), (2) and (3); 
then (1) and (2) are readily brought to the form 


t+o%r=0 and yto7y=0. 


The solution taking into account the initial conditions is 


v 
Ko . 
L=2 — Sin wt, 
and be o 


vy A 
y= Yo + = Sin wt. 
Let us consider the former component: 


sinwt 


L=2 
0 t+ Uxt ot 


This expression differs from (19) by the presence of the factor SUL thus 


for the resolution of the instrument we can now write rs 


(Oya 
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where § = 7 , and the flight time ¢ is defined by Eq. (21). 


We introduce the notation a — 7/2 — 25 %z 

2e H? Patil? 

‘and H, in gauss). Then assuming z= 6 in (21), we obtain 
) 


a PER IABE: Le Va 5 8 z, 
ota +; b= Sar / sEsin Fi oS EES rgd VO era 


Zz Z 


(£, is measured in volts per cm 


Thus, for example, for H, = 20 kv/em, H,= 104 and z= 0.2 cm, we obtain 
8a < 8/20, 

The value of 6, characterizes not only the improvement in resolution in the 
presence of a magnetic field, but primarily the increase in transmission factor 
of the immersion lens, inasmuch as it is clear that if the beam is narrowed by 
a certain factor by the magnetic field, the number of electrons passing through 
the aperture of given diameter will be increased by the same factor. 

The degree of accuracy here is the same as in considering the problem by 
the geometric method of tangents to the electron trajectories. 


Physical Faculty, 
Moscow State University 
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ELECTRON OPTICAL PROPERTIES OF QUADRUPOLE ELECTROSTATIC LENSES 
~ A.M, Strashkevich 


4 Quadrupole lenses are now coming into use in electron-optical devices - as 
stigmators (asymmetry compensators) - and in "strong focusing" systems employed 
in linear, cyclic and other accelerators. The theory of quadrupole lenses, par- 
ticularly as regards relativistic particle velocities, has not yet been adequate- 
ly developed. In the present study we derive the basic relativistic relation- 
ships for electrostatic quadrupole lenses and consider the general methods of 
calculation applicable to any arbitrary configuration of electrodes in a quadru- 
pole lens, as well as a number of particular cases. A quadrupole lens is formed 
by any system of charged electrodes, the field of which has two antisymmetry 
planes and two symmetry planes (we shall denote the latter by xz and yz). In the 


central region of such a field (i.e., for small xz and y) the potential is given 
by 


Die Dakig (aa i Yi); (1) 


where ©») is the constant potential along the z axis; for two dimensional (plane) 
fields the factor C is constant. Then Eq.(1) follows directly from relation (7) 
in Ref.1. For a spatial field, the factor C is a function of z (in this case, 
we shall denote it by C,). 

For ®=const Eq.(1) is an equation of equipotential surfaces having the form 
of hyperbolic cylinders. Where they intersect the zy plane they give equilateral 


O_O 
hyperbolas with a real semiaxis equal to V a: For ®=@,, we obtain the 


equation y=-+2z for two mutually perpendicular asymptotes; in space these will 
be the mutually perpendicular field antisymmetry planes. 
From (1) it follows that 


Ex 32 = — Ey: ys (2) 


Relation (2) is a particular case of the more general expression valid for 
any bisymmetric field: 
E E A 
gs dege (3) 


x 


where (= ($3) 
Zee N08? Shatgr' 
In the bisymmetric field of a stigmator in which quadrupole lenses are not 
used, £,.:x and H,:y usually have the same sign; they vary only in magnitude with 


change in shape of the electrodes. For example, with variation of the semiaxes 


aand b of the elliptic aperture in a Mahl astigmator £,:x and F,:y vary accord- 


ing to the formula 


= oe reer (4) 


d the x and y axes are 
where z is measured from the center of the aperture an 
oriented along the semiaxes a and b. In the presence of antisymmetry planes 


es Se ee 


@m.—0 and the field may exert a stronger influence on the astigmatic beam, in- 
asmuch as E,:x and E,:y are necessarily of opposite sign. This provides for ae 
higher stigmator efficiency at high particle velocities. As was noted by Pic ’ 


the asymmetry compensator developed by Rang? is essentially based on a system 


of two quadrupole lenses. 
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From more general equations (see Eq. (2) in Ref.4), we obtain the following 
equations for the trajectory of a relativistic charged particle moving near ho 
z axis at a small angle to it in the field of a quadrupole lens: 


d2z AC, d®y AoC (5) 


dz? Wo Mago dzt Do ee 


here A, is the relativistic correction coefficient; it equals unity for v<c and | 
increases to two with increase of v, the particle velocity: 
ey 
py; ~ moc? 
Ay = == (6) 
| aes Oat 
Inasmuch as here we are considering the region in the vicinity of the axis, the 
value of v can be taken on the zaxis. The sign of @, is opposite to that of 
the particle charge e. 

It follows from the form of Eqs.(5) that (just as in bisymmetric fields not: 
possessing antisymmetry) for the projection of the trajectory on the symmetry 
axis there is realized the Gaussian dioptic relation. The condition - analyzed 
by Glaser® - under which an axially symmetric system has focal points and focal 
planes can be extended to quadrupole systems as well. In fact, some of the re- 
lations in this case are substantially simplified (for example, Eqs.(67) in Ref. 
5), inasmuch as the potential along the z axis is a constant quantity. 

The coefficients in the right hand parts of Eqs.(5) have opposite signs. 
Hence for the projection on one symmetry axis the field is essentially a converg- 
ing lens, while for the projection on the other symmetry axis the field is a 
diverging lens. Significant for the electron optical theory of quadrupole lenses 
is the fact that these coefficients for the same z are equal as regards absolute | 
magnitude. 

If, neglecting edge effects, we assume that in the interval 0<z</ the 
potential is described by Eq.(1), and that outside this interval it is constant 
and equal to @, we can integrate Eqs.(5) for the conditions z=0, r=%, y= Yp, 
and «’=y'=0 (we assume e>0); we then obtain 


AoC 


a i A.C 
2 1908 ( At 2) and y = yocosh( VV Do] 2). (7) 


We can now obtain the focal lengths fx and /, ch 
- y Characterizing the electron- 
optical properties of the system. We assume that U <| |; this assumption is 
always realized in practice. For example, in the system used for "strong focus- 
ing proton beams accelerated to 2 and 5 Mev in the large Van der Graaf genera- 


tor described by Bullock®, U was e 
qual to 6 and 15 k 
1 and the first Eq.(7), we find that letter ee 


ae | Mo] cat 
oA CL ix a" (8) 


Similarly, for the projection of the trajectory on the 


in the same approximation yz plane, we find 


yep AA oe. 
v A, Ob eae (9) 


In the case of negatively char 
ged particl 

to minus and plus, respectively. i +. ooueh neil 1 Gas Sos a 

For the particular case of motion of 

nonrelativistic parti 
Hacks quadrupole lens with electrodes in the form of nypePhOite cyliigess? 2am 
ots formulas become identical with those of Bullock®. Then C= uU/ fu f 
s e real semiaxis of the cross section of the hyperbolic eldsereds te 


- 703 = 


-U 
XS ia 
N 7 
/ 
\ i 
dU ee 
= YU 
z = ———— 
: | eat mre 
oe Z Pi =o 
Lyx in iE =| eA SS 
l / Se 
-U 
Fig.l Fig.2 Fig.3 


constants C for a number of other systems can also be found relatively easily. 
For example, for a system of four charged semiplanes (Fig.2) , we can apply the 
method proposed by us earlier for a system of eight semiplanes (in Eq.(12) in 


Ref.1 the exponent in the right part of the equation should be 2 in this case, 
rather than 4). We obtain 


Applying the same method and utilizing the familiar expressions for the po- 
tential produced by a charged cylinder and a grounded plane parallel to it, we 
find that the constant for the system of four cylinders shown in Fig.3 (the cylin- 
ders may be regarded as circular when Ro<>ro) is given by 

2U 
2 2Ro oye 
ra(t+ 3) in (4+ x) 
For a cylinder split longitudinally into four parts the coefficient C equals 
4U/xn; (in arriving at this evaluation it was assumed that the gaps between neigh- 
_boring electrodes are very small, but it follows from the data given by Bernard / 
' that even gaps somewhat exceeding 1/6 the radius decrease C by only about 0.5%). 
Bearing in mind that the extent of the electrodes along the z axis is finite, we 
can set C = C,=C,(z) in Eq.(1) and in the equations deriving therefrom. Let 
us deduce the formulas for the optical strength and the coordinates of the princi- 
pal points of the projection of the trajectory on the symmetry plane for this case. 
We assume that the interval (z,, z2) in which the action of the quadrupole lens is 
localized is small compared with the focal length. We further assume that within 
the limits of the lens the variations of z and y are not large. Mathematical oper- 
ations similar to those employed in the theory of thin axially symmetric lenses 
lead in the first approximation to equations of the form 


al 4 


For the coordinates of the principal points, we obtain 
Ze Ze 
2H, = 2Hx2 = ZHyy = FHyp =\ 202 42: \ C,dz, (11) 
21 24 
In this approximation the principal planes coincide with each other but do 
not coincide with the geometric symmetry plane of the quadrupole lens electrodes 
if the C,=C,(z) curve within the lens is asymmetric. For the above cases, when 
one can assume C,—C=—const in the 0<z</ interval and neglect this quantity 
for all other z, Eqs.(10) and (11) lead to Eqs. (8) and (9). 


: 
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In integrating Eqs.(5) it is convenient to use the method of successive ap- 
proximations. Relationships (10) and (11) can also be refined by this method. 
Then we obtain 


: =—#\ 2¢.ds, (12) | 
vy 
where «z, is the value of x corresponding to 4= 2, for a ray initially parallel 

to the yz plane. One must successively substitute the first, second and further) 
approximations for «x under the integral in (12) and in the expression for the co- 
ordinates of the principal points: 


Ze 22 
2H yo = \ 20, dz: \ aC, dz (13) 
24 ZX 
To find the successive approximations of z, we make use of the following formula. 
which is obtained from the first equation (5): 


Zz re 
b= my +g ( 2) 2Ceda—\ 2 Cr da). (14) 
2 4 
If in the right part of (14) we set x=0, we obtain z=%2,. Insertion into 
(12) and (13) yields the first approximation formulas adduced above. Insertion 
of «=, under the integral in (14) gives the next approximation for z; insertion 
of this value in (12), and (13) gives the values of /,, and Zzy,, in the second ap- 
proximation. The operation is repeated until we obtain values of i ps and 2H,, 
in two successive approximations agreeing within the requisite margin of error. 
For calculating /,; , we obtain 


4 ree Ao xv 
fm Oe cas) 


where x, is the value of x for z=2z, for a ray parallel to the yz plane after 
passing through the quadrupole lens. The expression for zy,, agrees with (13). 
Into it, as into (15), there must be inserted the values of x found by the method 
of successive approximations from an equality similar to (14). The quantities 
Tyi> fy» 2Hy and 2y,. are evaluated in the same manner. In the second and further 
approximations the absolute magnitude of /.,; & fy; and fx. & f,. (in contrast to 
the first approximation) are not in general equal. 

Let us consider the spatial field of a system of quadrupole lenses with 
spherical electrodes (Fig.4). Let b<a and }<L. If the electrodes are re- 
garded as point charges equal to +4, the potential at the points on a spherical 
surface of small radius, r —b, drawn about any charge will be determined primarily 
by this charge and will be equal to g/d. Hence in the expression for the poten- 
tial of the system of point charges we can replace +g by -—-Ub. Expanding the 


expression for Min a series in powers of x and y and retaining only second order 
terms, we obtain 


AS 
2 


2 = 3a" DU D>) (— 1)* [a®+4 (kL — 2)%] 
k 


the sum is taken over all k, i.e., over all the lenses. If there is only one 
ihe dens lens with spherical electrodes, we obtain the formula adduced in Ref. 
For quadrupole lenses with electrodes of arbitrary shape, the variable coef- 
ficient C, needed for the calculations can always be obtained experimentally by 
a procedure similar to that developed by us for investigating the fields of com- 
pensators.1 One must mount two electrodes in an electrolytic bath as shown in 
Fig.5. Electrode A represents one of the four quadrupole lens electrodes (ap- 
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Fig.5 


propriately enlarged and split along the symmetry axis). The grounded plane 
electrode B represents the equipotential antisymmetry plane. The potential 

is measured in the plane of the electrolyte surface (I-I) for different r. We 
then plot @ as a function of 7? and find the slope of the tangent to the curve 
in the limit as r?--0. This will be the value of C, for the given z. Repeating 
the same procedure for different z, we find C,= f(z). 

Regardless of the shape of the quadrupole lens electrodes and on the order 
in which a particle passes through the converging and diverging regions, a sys- 
tem of two such lenses located next to each other, as in Fig.4, will always be 
a conyerging system for both the xz and the yz planes. In this case we can ap- 
ply the familiar formulas of geometric optics? for calculating the principal 
points of the system of two consecutive lenses. From Eq.(10) we find that the 
optical strength for the trajectory projections on the xz and yz planes will be 


equal and positive. 


Equality of the optical strength for both projections does not, however, 
mean that the system will be free of astigmatism. The system will have astigma- 
tism, the reason for it being noncoincidence of the principal points in the zz 
and yz planes as follows from the formulas adduced above. The astigmatism can 
be reduced by the introduction of auxiliary quadrupole lenses. 


Physics Faculty, 
Kiev Polytechnic Institute 


References 


1. A.M.Strashkevich, Zhur.tekh.fiz., 24, 274 (1954). 
2. J.Picht, Einflthrung in die Theorie der Elektronenoptik, (Introduction to 


the Theory of Electron Optics), Leipzig, 1957. 


— 


3. O.Rang, Optik, 5, 518 (1949). 

4. A.M.Strashkevich, Zhur.tekh.fiz., 22, 1848 (1952). 

5. W.Glaser, Fundamentals of Electron Optics (Cited in Russian trans.) 

6. M.L.Bullock, Amer.J.Phys., 23, 264 (1955). 

7. M.Bernard, Compt.rend., 236, 185 (1953). 

8. G.D.Archard, Proc.Phys.Sec., B.68, 817 (1955). 

9. O.D.Khvol'son, Kurs fiziki (Course in physics) Vol.2, Gosizdat RSFSR, 
Berlin, 1928. 


- 706 - 


A THEORETICAL METHOD OF INVESTIGATING THE CHARACTERISTICS OF A STIGMATOR 
- P,P. Kas'yankov 


1. It is a familiar fact that in electron microscopes axial astigmatism as- 
sociated with imperfections of fabrication and adjustment of the microscope com=) 
ponents is an important factor limiting the resolution of the instrument. Thus, 
for example, as a result of 0.1 yw ellipticity of the bore of the pole pieces in 
the EM-100 microscope, the resolution is reduced by a factor of 2 as compared wit 
the resolution of the instrument, calculated allowing only for spherical aberra- 
tion and diffraction.l It follows that at present any attempt to enhance the reg 
lution of electron microscopes to 5-7 A by increasing the precision of machining) 
of the microscope components is unrealistic. 

Owing to inaccuracy of fabrication, the electron optical system of any micro 
scope does not have perfect axial symmetry. But it can readily be shown that any 
electron optical system (not possessing axial symmetry) can under certain condi- 
tions yield a nonastigmatic image in the paraxial region. Hence axial astigma- 
tism can be eliminated in an electron microscope by means of an auxiliary stigma~ 
ting (compensating) field. In the present study we are concerned with compensat- 
ing fields by means of which one can obtain a uniformly focused (astigmatism- 
free) image in the absence of axial symmetry of the field. 

In practice the most suitable compensator for any given electron optical sys 
tem is selected experimentally. In some cases this is the only feasible proceduz 
Thus, at present, there is no known way of calculating the asymmetry of the mag- 
netic field due to inhomogeneity of the pole piece material. Hence one cannot pz 
dict theoretically whether introduction of soft iron screws into the gap between 
the’ pole pieces (Hillier-Ramberg method) will actually correct the astigmatism of 
a given magnetic lens. However, in cases when the electromagnetic field can be 
determined with adequate accuracy, one can use methods based on calculations for 
determining the focusing properties of the stigmator and elaborating its design. 


2. In any actual electron microscope, i.e., a microscope with fabrication 
imperfections, in the general case all the trajectories of the beam forming the 
image will be curved lines. A certain central trajectory is termed the principal 
trajectory or the axis of the electron optical system. The principal trajectory 
may, in particular, be a straight line. Assume we have a system of curvilinear 
coordinates s, p, 7; let s be the principal trajectory, and let p and g be direct- 
ed along the normal and binormal to it. Let k and x denote the curvature and 
skewing (twisting) of the principal trajectory, 9(s,p,q) and ¢(s,p,q) - the electre 
static and scalar magnetic potentials, D=@(z) and Y= (s) - the values of the 
potentials along the principal trajectory, and i, i, Pix and hy (i,k = 2,3) =- the 
partial derivatives of the potentials on the s axis; the index 2 denotes differ- 
entiation with respect to p, the index 3 - differentiation with respect to q, 
and the prime - differentiation with respect to s. 

The focusing properties of an electron optical system with a curvilinear 


axis in the paraxial region are given by the solutions p(s) and q(s) of the set 
of equations 


seer see St 


q’ + ag’ — bp’ + bp + bsg = 0 (1) 


where the coefficients a, b, a,, as, n 

pore il aust ace a Oe and ), are expressed by familiar formulas in 
Let us assume that the fabrication imperfections are small. Then our real 

electron optical system with a curvilinear axis will deviate little from the 

ideal axially symmetric system, i.e., k, x, 9, di, Gog and d.3 and the quantities 
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will be small compared with the other 
for the coefficients in Eqs.(1l). 


For systems with very small deviations from axial symmetry we can express 
the solutions p and qg of Eqs.(1) by means of solutions R, and R&R, of the equation 


quantities entering into the expressions 


” “3°? é 12 
R + (ort igo) R=0 (3) 


and then, making use of the expressions for p and q, write the conditions for the 
existence of an astigmatism-free image.2 For the particular case of an electro- 
static system the conditions for correction of axial astigmatism in the s=—s 
plane are given by the relations . 


8 
u Su 


\ A,Ri ds = 0, \ B,R? ds = 0 


: (4) 


u Su 


| ARids=0, | BR?ds =0, 
a So 


where 
Atte 
A, = 56|5 hos +p + 2 (Kx) 0], 
1 , , 


pies (5) 
B,= agp (2% @ -+- xO’ — 93), 
4 
By = — 35 (2"O+u-++ hoa), 
R, is the solution of Eq.(3), determined by the initial conditions 
Re (So) => Q, R, (So) = 4 (6) 


and vanishing for s=sy,. 

3. Let p,(s), 9: (s), pe(s) and g,(s) denote two linearly independent solutions 
of the set (1), vanishing for s=so. Then, if there is a value of s,=+— 5%, for 
which the first solution vanishes (/1(s,) = 4:(s;) =0) and a value of s,s, for 
which the second solution vanishes (p,(s.) = q2(s2) = 0), the difference s, — s, is 
termed the astigmatic difference or the axial astigmatism. Consequently, to cal- 
culate the axial astigmatism we must find two linearly independent solutions of 
the second order system (1). Using the method described in Ref.1 this problem 
ean be reduced to finding one solution of Eq.(1) and calculating four definite 
integrals. From the standpoint of computation this is a significant advantage 
of the proposed method. The stigmator field must be such that the total field 
(the field of the initial system and the stigmator field taken together) will 
satisfy the conditions for a uniformly focused image. If the field of the ini- 
tial system and the field of the compensator are localized in different parts 
of space so that in regions where the field of the initial system is significant 
the influence of the stigmator field can be neglected and vice versa, the ad- 
vantages of utilizing the conditions for a uniformly focused image are made clear 
by the following example. 
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Let us take the case of an electrostatic electron microscope and assume 
that as a result of fabricating imperfections there is obtained not an axially 
symmetric system but a system with two planes of symmetry. This will be the 
case, for example, when the aperture of one or more of the objective diaphragms 
is elliptic but the centering of the diaphragm as well as of the system as a 
whole has been realized with a high degree of accuracy so that the axial astig- 
matism is due only to ellipticity of the aperture. The electron trajectory will 
be the line of intersection of the planes of symmetry of the field. We assume 
this rectilinear trajectory to be the principal trajectory of the beam forming 
the image. Let us determine the particular form of the electrostatic system 
with a curvilinear axis for which k =x =0 and ¢2 = 93 = $23 = 0. 

In the paraxial region the asymmetry of the system is characterized by one 
parameter, namely, yp. We denote the interval of s in which the field of the sys-: 
tem is significant and the field of the stigmator can be neglected by Iso, Sc] and 
the interval in which the stigmator field is effective and the field of the sys- — 
tem can be neglected by I[s,, s,]. Then the conditions (4) for a uniformly focused 
image become 
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i Rids + | ARids = 0, 


ou 


So 8&6 


\ BR? ds = 0, \ A,R2ds = 
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Let us assume now that in the interval [s., su] 


9(s, P, q) =D, + D,(s) (p? — 42), (8) 
where 0, = @|,_,.. 
It will be evident from (5) that the conditions (7) reduce to one, namely, 
So Su 


eee 4 
[epRiac— | 2 ntas—o. (9) 


So So 


It can readily be seen (without calculating #,(s)) that this condition can 
be satisfied by appropriate choice of @,(s) and that, consequently, the potential 
(8) can be taken as the potential of the stigmator field. It is evident from (9) 
that the stigmator field may be localized in any part of the interval [Sc, Su] and 
that if it is localized close to the point s,, where R, (su) = 0, one must dneee 
a high value of the ratio ,(s)/@,. : 

From (4) there also follows the more general inference th - 
tism of the initial system is due only to ellipticity of the diathreen Sc 
one can realize compensation by means of any electrostatic system with two langl 
of symmetry passing through the axis of the initial system, provided the po en- 
sating system can be rotated to the appropriate position about this axis ; 

In the general case deviations from axial Symmetry are such that ape initial 
system becomes a system with a curvilinear axis of the general form (4-0 al 
f20, $30); in this case one can no longer satisfy the conditions ees. 


F & 
tion of axial astigmatism by means of a compensating system with two or correc 


planes of 


where @, and ©; are functions of s. 
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wa, The potential of a system with two Symmetry planes can be written in 
e form 


(S,P,9) = Dy + Dep* + D;q?, (10) 


The conditions for a uniformly focused image 


(5) with the compensating field (10) are obtained from (7) if therein we inter- 
change [s), s,] and [sc, su] and set u=O,—@, and O=—@Q,. In the general case the 
relations s 


c 8o 


\ (dps) Rds =.0. sand \ (A, +.B,) R2ds =0 


So 


(11) 
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do not obtain for the initial system. Hence through choice of w. and the angle of 
rotation of the electrodes producing the field (10) one can satisfy no more than 
two of the four conditions for correction of axial astigmatism. The same thing 
can be said of any stigmator with a rectilinear axis that is a continuation of 
the axis of the initial system, if its field and the field of the initial system 
are localized in different regions. This last circumstance is the principal hin- 
derance to adequate restoration of the rectilinearity of the system axis by en- 
hancing the accuracy of adjustment of the instrument components. 

In practice one is restricted to the use of stigmators with a rectilinear 
axis. But in this case to restore the rectilinearity of the axis of the total 
system in high-resolution instruments one must have recourse to installations 
consisting of several stigmators. 4 


4. The conditions for a uniformly focused image can be applied to solution 


of the problem of calculating the compensating field much as is done in correct- 


ing third order aberration in systems with axial symmetry. ° The general solution 
procedure is the following. We first define four auxiliary functions ;/;(s) (i = 
= 1,2,3,4) so that they will satisfy the conditions 

Sy 

\ h;(s) ds = 0 (12) 
and be continuous over the interval [s), s,] together with their first and higher 
(to a certain order) derivatives. We denote the expressions under the integral 
in conditions (18) from Ref.2 by F;(i = 1,2,3,4) and require that the equations 


F; = h;(s). Ey 


be valid for all s in the interval [5), su]. 
If the total field satisfies these equations, conditions (18) from Ref.2 


will also be satisfied in view of (12). In this case, when the field of the sys- 
tem is localized in the interval [5, s:] and the field of the stigmator in the in- 
terval [s., s,], the functions /; in the interval [s, s:] may be regarded as known 


inasmuch as the values of F; for this interval are uniquely determined by the 


' parameters of the initial system. Actually, however, there is a degree of arbi- 


— Ss. 


trariness in determining the auxiliary functions. In view of this and also be- 


cause the number of variables is greater than the number of conditions, the meth- 
od yields an infinite number of solutions. However, under the condition that 
everywhere in the region of effectiveness of the field of the initial system the 
stigmator field must be nonzero, we can set h,=0 (4, 2,3, 4). 

Calculations show that then there is obtained a system belonging to the 

tric systems. 

Ree ganas cconseed cyte can also be used for estimating the allowable toler- 
ances in fabrication and adjustment of components of microscopes with a given 
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type of stigmator. Such calculations will consist of evaluation of the axial 
astigmatism on the basis of the design deviations from axial symmetry and subse- 
quent determination of the allowable deviations (tolerances) for which the axial 
astigmatism will not exceed the maximum acceptable value. Our method involves 
considerably less numerical work than the method of evaluation of tolerances 
based on calculation of the electron trajectories. 

6. We note also that with some minor modifications the method can be used 
for investigating systems deviating or differing slightly from a given system 
with a curvilinear axis. Systems of this type may be encountered, for example, 
when owing to imperfections in the fabrication of the components of a mass spec- 
trometer with a curvilinear axis there is obtained a system deviating somewhat 
from the design system. 

In conclusion I desire to express my deep gratitude to A,A.Lebedev for 
valuable suggestions. 
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ON THE INFLUENCE OF CHROMATIC ABERRATION DUE TO DISADJUSTMENT OF THE 
APERTURE ON THE RESOLUTION OF A REFLECTION ELECTRON MICROSCOPE 
- G.V.Der-Shvarts & S,A.Belen'kii 


Displacement of the objective aperture in an electron microscope leads to 
a distinctive form of chromatic aberration, which, in particular, may limit the 
resolution of a reflecting microscope.! We felt it would be of interest to evalu- 
ate the influence of the geometric dimensions of the objective pole piece on the 
magnitude of this "disadjustment'" aberration. The evaluation was carried out by 
the method of approximate integration of the trajectory equations in which the 
true induction distribution curve is replaced by a broken curve consisting of 
segments of constant induction. 2 

For the purposes of the calculation the equations for the deviations Az and 
Ay and their first derivatives A2’ and Ay’,deduced earlierl, were generalized to 
the case of nonuniform initial conditions. There were obtained the following 
expressions for the deviations and their derivatives: 


(Az)" = Az + C,"sin k (z — zg) + C," cosk (Z— Zn), (1) 
(Az’)" = Az’ + Cy" kos k(z— 24) —C,"k sink (z — zy), (2) 
(Ay)" = Ay + C5" sin k (z — zy) + C4" cos k (2 — 24), (3) 
(Ay’)° = Ay' + C,"keosk (2 — Zy) —Cy° k sink (z — 2a); (4) 


where Az, Ay, Ax’ and Ay’ are the corresponding quantities for uniform initial con- 
ditions (Eqs.(8) and (10) in Ref.1), 


ae cosBa Z—Z 
k=V 2 = hs and zZ—2z,; = H 
Vim Ve a 


(ais the extent of the segment of constant induction along the Z axis). The cons- 


eeOs)s ‘ 
tants in the above equations are determined from the relations C," = = Cae 
= (Azz) Cpe and C,° — (Ay,)", where the subscript nu indicates that the given 


quantity pertains to the lower limit of integration. 


By way of model simulating the distribution of the scalar magnetic potential 


in the pole piece we used the model of a tubular immersion lens with a fixed ratio 


s/c, where s is the width of the gap, and ¢ is the diameter of the lens bore (Fig. 


| 1). If we assume that the potential distribution in the lens gap on the genera- 
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trix of the cylindrical tube of diameter c (i.e., for —s/2<Z<s/2) is character- 
ized by the linear law 


—=V 
vas y ee See 07) (5) 

5 e Varies 
_ where Vo ee 
we can write - ae 

a ee x a (esezibiolees 4 (6) 

? s = a2 s Ji (a4) (4 c 

for 0<Z<s/2 and m 1 (22) parte: es 

ep} ? re B 2s sl at Ji (ay) 


eee a 


- 712 - 


for s/2<Z< oo. 
In these expressions the a, are the roots of Jo (x) =0;Jo(x) and J,(x) are 


Bessel functions. 


Ay 
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1] 42 
Fig.1 Fig.2 


Differentiating (6) and (7) with respect to Z, we obtain the distribution 
of the Z component of the induction: 


ome 2a, Z (2a, 7 
= oe (ol =) 
Bors Zy eB OP: Se apis wana (8) 
for 0<Z<s/2 and 
ler Wy =e rit at o( 2] 
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for 5 <Z<oo, where 


B, oe Baal (10) 


s 


is the induction in the gap between the shoes (>S; 5 QRS. 
Bz can be obtained from (8) and (9), if we set r = 0. 

In accordance with the above, we calculated the axial distribution of the 
induction B7(Z) = ByaxF(Z) for the following values of s,c and Byax: 


Tse =0,0,  C =e MM 8 Bag 1 kG: 
2. sic=1, C= 4M. mexe= 12_.kGa3 
Sy ya c=4 yu, Bin = 14, kGs: 
4. sie=1, e=1.9 uM, Byay= 12.6 kGs: 
9. slce= 0, c=4 MM Bmax = 12 kGs. 


For the last case the induction distribution was calculated by means of the 
formula B 


B (Z) = —_—“*— » (11) 
ch? [1.315 =] 


obtained by differentiation of the formulas in Ref.3 with respect to Z. 

To obtain the aberration figures in the Gaussian image plane we calculated 
the aperture chromatic error for the central beam in the absence of disadjust- 
ment (tanB=0, 7r,>=—0, ro=a) and the projections of the trajectory deviations in 
the XOZ and YOZ planes in the case of disadjustment (tan B= 0,7r9=0,7)'=0). The 
position of the object and the value of Bmax were chosen so that the magnificatio 
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would not be less than 60 X, which is representative of the operation of modern 
reflection electron microscope objectives. 


The results of our calculations are listed in the accompanying table. 


Position 
Bmax,|§ eee re— 
No. lative to |mage plane 
e se }C.mM) yas jcenter of seas 


field, mm center of tion 
ield, mm 
4 OG) 24 42 1,09 Ot 2 CPS |) SPAS [Pale ai) 
2 4 4 12 0,54 400 G2 de 245160) 74 
3 4 4 14 0,19 100,5 TOS 4085 F047; 
4 4 abet SPARC: AS 495,2 HOSS<o 5 Os 96 
5 0 4 12 Ae 401,7 SHH ea} lp GL 


The radius of the circle of diffusion due to aperture chromatic aberration 
is calculated from the tabular data by means of the equation 


A 
r= a, (12) 


and the magnitude of t, characterizing the diffusion due to disadjustment of the 
aperture diaphragm,by means of the formula 


«= tgpc’ =, (13) 

The aberration figure for a central beam emerging from the object with an 
angle of divergence « and an inclination tan B for s/c = 0, c = 4 mm and By,x = 
= 12 kilogauss is plotted to an arbitrary scale in Fig.2. 

As will be evident from the table, the aperture chromatic error in the case 
of large magnifications changes little with variation of the design parameter 
s/c. The displacement t of the center of the circle of the aperture chromatic 
error relative to the corresponding point in the Gaussian image, associated with 
disadjustment of the aperture diaphragm, increases appreciably with decrease of s. 
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INVESTIGATION OF ELECTRON ENERGY LOSS IN THIN GAS LAYERS 
- 1.G.Stoyanova & A.N, Kabanov 


In the case of electron microscopic investigation of specimens in air or 
special gases! there occurs additional scattering of the electrons by the atoms 
of the gas; this scattering may have a substantial effect on both the quality of 
the image (contrast & resolution) and the processes occurring in the specimen 
(heating, ionization, etc.). Inelastic electron scattering is particularly in- 
portant. To elucidate the influence of inelastic scattering processes on the 
quality of the electron microscope image we measured the electron energy loss in 
the specimen under different conditions of observation, in particular, when the 
specimen is placed in different gaseous media. 


Apparatus and Procedure 


The equipment used for measuring the electrom 
energy loss in thin gas layers is diagramed in 
Fig.1. The electron beam produced by the illumin-~- 
ating system (1 - electron gun and 2 - magnetic 
condenser lens) passes through the specimen cell, 
b2 which is located in the magnetic objective lens, 
and falls on the slit of the analyzer lens. The 
narrow planar electron beam defined by the slit 
b is resolved by the analyzer lens into a velocity 

spectrum which is recorded on the photographic 
plate. The specimen cell was filled with differ- 
ent gases at pressures varying from 51073 to 760 
mn Hg.2 The pressure was regulated by a simple 
metering valve arrangement and monitored by a mer- 
cury monometer. The 100-150 A thick carbon- 
Fig.l. Experimental arrange- collodion films adhered well to the protective 
ment. a) 1 - gun, 2 - con- diaphragms with very small apertures (~0.03 mm 
denser lens, 3 - specimen and diameter) and insured gas-tight seals. The thick- 
cell, 4 - slit, 5 - analyzer ness of the gas layer amounted to a few hundredths 
lens, 6 - photographic plate, of a millimeter. 
b) cell detail: 1 - gas layer, The analyzer lens? provided a dispersion of 
2 - diaphragms, 3 - films. 0.15 mm/v at an accelerating potential of 30-35 kv 
With a slit width of 2-3 and an angular aperture 
of the electron beam in the plane of the slit of 
10-4 radians, the chromatic resolution of the ana- 
lyzer was of the order of 1:50 000. Calibration 
of the analyzer lens was realized by means of a 
calibration standard: a series of slit images 
photographed on the same plate with variation of 
the accelerating potential in 10 volt steps (Fig. 
2). By means of such standards the electron ener- 
Fig.2. Calibration standard. gy losses could be evaluated with fair accuracy 
from the photometric curves. 

For each type of gas we first photographed the energy spectrum of the carbon 
collodion films at a residual gas pressure of 5-1073 mm Hg in the chamber. With 
an exposure of 1.5 min there appeared in the spectrum only the lines associated 
with losses in the films; with this brief exposure the lines associated with los- 
ses in the residual gas are not recorded. Next we recorded the energy spectra 
at different pressures of the given gas in the specimen cell. 
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A separate energy 
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standard was prepared for 
each series of energy 
spectra. 


Measurement Results 


The salient features 

of the energy spectra of 
the carbon-collodion films 
proper are a narrow line 
corresponding to a 6.5 ev 
energy loss and a relative- 
ly broad band peaking at 
about 22 ev (Fig.3,a). 
These energy values are 
in good agreement with the 
values of the character- 
istic energy losses of 
electrons in carbon and 
collodion films (6.5 and 
22 ev) reported by other 
investigators. When the 
cell is filled with air 
to 120 mm Hg (Fig.3,b) 
and 340 mm Hg (Fig.3,c) 
a narrow line appears at 
13.7 ev against the back- 
ground of the broad band; 
the intensity of this line 
increases with increasing 
air pressure. When the 
cell is filled with helium 
to 150 mm Hg there appears 
a narrow line at 24.5 ev 
and a weak line at 54 ev 
(Fig.4,a). In the case of 
argon (Fig.4,b) at 150 mm 
Hg there is observed only 

0 one line at 15 ev; in hy- 

_ ARE AN delete a drogen sulfide (Fig.4,c) 
Fig.3. Microphotometric curves and energy spectra of at 150 mm - 2 narrow lines 
electrons passing through specimen cell: a) p = 5-10-3 at 13.5 myatenab aed rr 

= = 340 mm Hg. hydrogen (Fig.4, a 

Reece train 120sme He, cand ©) Pair . Bad nee one line at 13.5 ev. 
In the case of oxygen at 20 mm Hg there is observed one loss line at 14 ev (Fig. 
5,a). When the oxygen pressure is increased to 60 mm Hg this line merges with che 
broad loss band with the result that the peak shifts to 17 ev (Fig.5,b); in addi- 
tion there appears a new sharp line at 8 ev. 


Discussion 


The measured electron energy losses in most gases are in good agreement with 
the respective ionization potentials and do not depend on the gas pressure. The 
loss lines at 8 and 17 ev observed when the specimen cell is filled with oxygen 


a 4 
c ; 
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Fig.4. Electron energy spectra with different gases at 150 mm Hg in the specimen 
cell; a) He, b) A, c) HgS, d) Ho. 


E Sg 


Fig.5. Electron energy spectra 
with the specimen cell filled 
with 09; a) p = 20 mm Hg, b) 

p = 60 mm Hg. 


are probably due to changes in the chemical com- 
position of the carbon-collodion films as a re- 
sult of reaction with oxygen rather than to los- 
ses in the gas proper. Leder & Marton* came to 

a similar conclusion in their study of the vari- 
ation of the characteristic energy losses of elec=- 
trons in different films. 

The intensity ratio of elastically and in- 
elastically scattered electrons passing through 
thin gas layers at different pressures differs 
little from the ratio for carbon-collodion films. 
Hence there is reason to assume that the use of 
such gas filled specimen cells with their great 
potentialities for extending the scope of elec- 


tron microscopy will not seriously impair the image quality. 


Conclusions 


It was found that when the specimen cell is filled with gas, lines corre- 
sponding to the ionization potentials of the given gas appear in the electron 
energy spectrum. The intensity of these lines increases with the gas pressure, 
but the ratio of the number of elastically to inelastically scattered electrons 


remains virtually constant. 


Shi = 


It may therefore be inferred that the quality of the electron microscope 
image will not be noticeably impaired by filling the specimen cell with gas 
(this inference has been substantiated experimentally). Moreover, the presence 
of a layer of ionized gas in the vicinity of the specimen favors more rapid re- 


moval of charges from the specimen, improves the specimen cooling conditions and 


—s ey 


thereby minimizes deterioration and destruction of the specimen under the influ- 
ence of electron bombardment. 
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INFLUENCE OF SPACE CHARGE ON THE IMAGE OBTAINED IN AN EMISSION 


ELECTRON MICROSCOPE 
- D.P.Vinogradov 


It is a familiar fact that the quality of the image formed in an emission 
electron microscope depends on the magnitude of the cathode emission current. 

If at some current value there is obtained a picture with clear and sharp bound- 
aries, increase of the current by a significant factor generally leads to de- 
terioration of the image: the boundaries of the emission spot are blurred, the 
shape of the emission centers changes and the entire image acquires a “nebulous” 
structure. Usually this is explained on the assumption that increase of the 
emission current is accompanied by increase of the negative space charge in frontt 
of the cathode. This presumably leads to weakening of the longitudinal component} 
of the electric field in front of the cathode and inasmuch as each cathode point 
is imaged by a circle, the radius of which at a given cathode temperature is in- 
versely proportional to Z,, the normal component of the field intensity at the 
cathode, the deterioration in sharpness of the image is assumed to be associated 
with decrease of £,. In view of this it is hypothesized that to suppress "nebu- 
losity" it is necessary to increase the strength of the electric field in front 
of the cathodel. 

In order to check the potentialities of this method of suppressing the in- 
fluence of space charge we carried out a series of experiments on an EEM-75 elec-: 
tron microscope with a two-pole immersion objective. These experiments showed 
that it is virtually impossible to improve the image quality by this procedure. 

Figs.l1 and 2 show images of the same section of an oxide-coated cathode re- 
corded, respectively, at anode potentials of 2 and 20 kv and anode currents of 
2-1075 and 3-10-5 amp. It will be seen that increase of the anode potential by 
a factor of 10 (in the objective system employed, the field intensity at the 
cathode is increased by approximately the same factor) yields a negligible inm- 
provement in image quality. A different approach to the phenomenon proved to be 
more fruitful. 

It can readily be shown that a local concentration of space charge is a 
typical microlens, the effect of which is similar to that of a microlens formed 
owing to surface roughness of the oxide-coated surface2. The focusing properties 
of such electric microlenses are connected with the strong radial component of 
the electric field. It may be assumed that the "nebulous structure" of the im- 
age is associated with variation in the optical strength of local space charge 
concentration microlenses. If this is the case, obviously one can obtain a high- 
er quality image with an increased emission current and a constant difference of 
potential between the cathode and anode by changing the distance between the 
cathode and the focusing electrode. This means that the object plane should be 
brought into coincidence with the plane where the electrons are focused by the 
local space charge microlenses to regions of minimal cross section. 

A series of experiments substantiated the validity of this approach. Figs. 
3,4 and 5 show images of the same section of an oxide-coated cathode obtained at 
an anode potential of 20 kv, a magnification of 150 X and screen and anode aper- 
ture currents of 4-10-5, 1.5-1074 and 1.3°1074 amp, respectively. The change in 
the character of the image in Fig.4 as compared with Fig.3 is similar to that ob- 
tained in shifting the cathode relative to the focusing electrode with the emis- 
sion current constant. The photograph of Fig.5 was obtained after moving the 
cathode 60 yp away from the focusing electrode. This image differed from that of 
Fig.3 by the presence of new bright spots. 

The reproduced photographs show that the influence 
in alteration of the optical strength of the microlenses 


of space charge consists 
» i.e., in changes of the 


sels = 


Figs. 1-5 


radial component of the electric field. If the dominant role were played by 
change in the longitudinal component of the field, obviously, for restoration of 
the initial emission picture the cathode to anode distance should have been re- 
duced (with a constant potential difference between them). 

Thus this approach to the problem of "nebulous structure”, i.e., regarding 
it as the effect of microlenses due to local concentrations of space charge, al- 
lows of eliminating the undesirable pseudocontrast by adjustment of the instru- 
ment optics without increasing the anode potential. Alteration of the "nebulous 
structure" incident to change of the microlens focal plane may also be interpret- 
ed as “reversal” of the cathode image contrast. 

As is known, "reversal" of contrast also occurs in the presence of microlens 
due to the microtopography of the cathode. Experiments showed that effects simi- 
lar to such "reversal" can also be observed as the cathode is displaced along the 
optical axis of the objective. This occurs by virtue of change of the focusing 
plane without change of the emission current because of local distribution of 
space charge. 

I desire to thank G.V.Spivak for his guidance in the work. 
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INVESTIGATION OF THE COMPATIBILITY OF NATURAL AND SYNTHETIC RUBBERS 
- A.S.Lykin & K.A.Pechkovskaya 


The techniques of electron microscopy have found extensive dee for 
the investigation of rubbers, rubber mixtures and vulcanizing agents.*~ 

Schoon & Grasenick®, Rochow & Rochow® and Kamagawa et al’ investigated vul-— 
canized rubber mixtures by the method of replicas. In all three studies, despite: 
differences in the types of rubber and replica material used, it was established 
that the rubber phase of the vulcanizate has a fine structure consisting of 
spherical formations (grains) of different size. The investigators infer that 
each grain consists of a polymer molecule coiled into a ball. The molecular 
weights of the rubbers calculated from the size of the grains are in good agree- 
ment with the molecular weights evaluated earlier by other authors. 

Of particular interest is use of the electron microscope for investigating 
the compatibility of different types of rubbers. Investigation of the thermo- 
dynamic compatibility of rubbers in solutions®,9 has shown that most compatible 
are rubbers that have close values of cohesion energy. However, it was also dis-: 
covered that the properties of vulcanizates prepared of two compatible (in solu- 
tion) rubbers are not equivalent to the additive properties of the vulcanizates 
of each of these rubbers separately. An even greater deviation from additivity 
obtains in the case of two thermodynamically noncompatible rubbers. Apparently, 
in mixing of hard rubbers molecular compatibility is not realized even for pairs 
of rubbers compatible in solution. Hitherto, however, there has been no experi- 
mental verification of this. 

In the present study we carried out an electron microscopic investigation 
of unfilled vulcanizates prepared of one or two rubbers. The study was carried 
out by the method of single stage silicon and carbon replicas stripped from the 
tear surfaces of vulcanized disks. The micrographs were recorded on a modernized | 
EM-100 electron microscope with a 0.25 mm condenser aperture and a 0.05 mm ob- 
jective aperture at an electron magnification of 20 000 xX. 


Vulcanizates of one type of rubber 


We investigated unfilled 
vulcanizates prepared of natural, 
butadiene sodium, butadiene- 
styrene (oil filled) and isoprene 
rubbers. 

Fig.1 shows a micrograph of 
a quartz replica from the vulcan- 
ized natural rubber. A similar 
picture was obtained for the car- 
bon replica; consequently, it is 
peculiar to the rubber rather 
than to the replica material. 

The fine structure discernible 

in the micrograph consists of 

grains of different sizes. Most 

frequent are grains in the 80 to 

100 A and 160 to 20 

Fig.1. Silica replica from natural rubber vul- ranges. The Pioain oy 
canizate. Magnification 41 000 x. smallest grains is 30-40 A. There 

are also a few aggregates measur- 

ing 100 A and more. 
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; A similar structure was char- 
. — Phere acteristic of the other vulcanized 
rubbers. In the case of the oil- 
filled rubber the structure was 
less pronounced; apparently, the 
low contrast of the replica in 
this case was due to the presence 
of an appreciable amount (~15%) of 
oil in the rubber. 

We evaluated the molecular 
weights of the rubbers on the basis 
of the grain size (assuming the 
specific gravity of the grains to 
be equal to the specific gravity of 
rubber) and obtained values in the 
range from 6000 to 300 000. These 
values are consistant with the mole- 
cular weights of rubbers determined 


pFig.2. Silica replica from vulcanizate I. by other methods. Nevertheless, 


Magnification 35 000 xX. we feel it is premature to draw 

any definitive conclusions regard- 
ing the nature of the observed fine 
structure. It would be desirable 
to continue the work and obtain 
micrographs of different rubber 
specimens consisting of narrow mole- 
cular weight fractions. 


Vulcanizates of two rubbers 


We investigated vulcanizates 
prepared of the following pairs of 
rubbers: natural + butadiene sodium 
(I), natural + isoprene (II), buta- 
diene sodium + butadiene-styrene 
(oil filled) (III), and natural + 
+ butadiene-styrene rubbers (IV). 

Figs.2 and 3 show micrographs 
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'Fig.3. Silica replica from vulcanizate II. of silica replicas from vulcan- 


Magnification 37 600 X. izates I and II. Both pairs of 
rubbers used in these vulcanizates 


are among the number of thermodynamically compatible rubbers, i.e., solutions of 


these rubbers after mixing do not stratify.8 yet in the micrographs one can 


clearly see boundaries between the rubbers; these are very sharp for pair I and 
somewhat more diffuse for pair II. 


Examination of a large number of specimens showed that both vulcanizates 


3 contain numerous similar microheterogeneities of different size and shape arranged 

in the direction of rolling of the mixture. The number and size of microhetero- 

| geneities are greatest for a 1 to 1 ratio of the rubbers and decrease as the pro- 
portion of one or the other rubber is increased. Obviously, in the course of 
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mixing hard rubbers on rollers, molecular compatibility is not realized even in 
the case of pairs of thermodynamically compatible rubbers. 
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The degree of compatibility of rubbers can be evaluated qualitatively from 
the character of the interfaces discernible in the micrographs: diffuse boundar- 
ies indicate better compatibility of a given pair of rubbers as compared with 
another pair for which the boundaries are sharp. 

The experimental data also indicate that the technological process used for 
preparing mixtures of two rubbers is far from perfect. 

We believe our results convincingly demonstrate the effectiveness of the 
electron microscope technique for investigating the fine structure of rubbers 
and their compatibility. The technique is particularly suitable for evaluating 
the degree of compatibility (or lack of it) of a given pair of rubbers mixed 
under different technological conditions. 

We believe it is expedient to use single-stage, preferrably silica, replicas 
for such studies. 
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we 
OBSERVATION OF FERROELECTRIC AND PIEZOELECTRIC DOMAINS BY MEANS OF AN 
ELECTRON MIRROR 


- G.V.Spivak, I.A.Pryamkova & E.Igras 


Electron mirrors have two important features; 1) the investigated specimen 
is not bombarded by charged particles, and 2) the electron optical system has a 
high sensitivity to weak surface fields inasmuch as these superficial microfields 
interact with slow electrons that are stopped at the reflecting electrode. 

The high sensitivity of the instrument is evinced in the quality of the im- 
age, i.e., an electron mirror provides a high contrast picture of the microfields. 

The method of observing superficial microfields by means of an electron mir- 
ror! has been compared with other electron-optical techniques for observation of 
such microfields in our earlier publications, particularly Ref.2. On the basis 
of theoretical evaluations of the potential resolving power of an electron mir- 
ror’ there is reason to hope that one can obtain a higher resolution, a resolu- 
tion of the order of tens of angstroms or appreciably higher than feasible by 
means of an electron microscope. 

One must, however, bear in mind the fact that strong focusing electric macro- 
fields can suppress relatively weak superficial microfields. This effect was ob- 
served by us for emission systems and has been discussed in detail in Ref.2. It 
is clear, for example, that observation of the microgeometry by means of an elec- 
tron mirror can be realized with arbitrarily strong focusing fields, inasmuch as 
here the microfields are located in the immediate proximity of the electrode 
where the structure of the equipotentials is determined by the microgeometry and 
varies linearly with variation of the accelerating potential at the surface of 
the reflecting electrode. There is a significant difference between the mechan- 
isms of formation of contrast in the case of electric and magnetic microfields. 
In the latter case the contrast is formed only by the normal component of the 
local magnetic field4 interacting with the radial component of the electron beam 
produced by the gun. 

A number of specific factors must be borne in mind in evaluating the quality 
of the image obtained with an electron mirror. Space charge arising as a result 
of slowing down, stopping and reversal of the electron beam may have an appreci- 
able influence on the contrast for any microfields. In addition, the slow elec- 
trons in approaching the electrode interact with the field not only at a point 
of the mirror electrode but with a whole region, the dimensions of which are of 
the order of the varying distance of the electron from the mirror electrode. 

The radius of this region becomes smaller and the contrast as regards resolution 
of fine details is improved if the electron beam is retarded abruptly at the mir- 
ror cathode, where, naturally, the acting field is strongest. We note that in 
emission systems slow electrons are emitted by the surface itself and first pass 
through a strong field region which sharply reduces the dimensions of the above 
mentioned region and thereby insures a high degree of contrast, and, consequently, 
a highly detailed picture of the investigated microfield. i 

Such a system was realized in our laboratory for observation of we domains 
of a cobalt single crystal by means of photoelectrons; the apparatus yielded im- 
ages not inferior in quality to powder patterns. 9 However, the necessity of 
sensitizing the surface and the high vacuum requirements (owing to ae Soc ee 
of the photocathode) complicate the photoemission technique in pract oom rea 
potentialities as regards further research are offered by the pained 
technique which allows of observing the microstructure of fields ae i pes 
microtopography and electric and magnetic domains under any therma re 
in the presence of alternating fields and without sensitizing the surface. 
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Observation of the domain structure of ferromagnetic single crystals 
in an electron mirror with axial symmetry 
Please ea ed aa mee a a 


The possibility of realizing magnetic contrast in an electron mirror was 
first demonstrated in our laboratory in 1955: by means of an electron mirror 
tube constructed in our laboratory we observed the complex domain structure on 
the hexagonal face of a cobalt single erystal.1 In this early apparatus the 
electron beam was twice deflected by a transverse magnetic field for the purpose: 
of separation of the beam coming from the gun from the flux of electrons return-: 
ing from the mirror and carrying the image of the magnetic inhomogeneities. 

The use of a deflecting magnetic field and difficulties connected with ad- 
justment of the mirror electrode system resulted in appreciable aberrations of 
the electron-optical system. Accordingly, in further experiments we turned to 
electron mirror designs having axial symmetry and hence dispensing with a de- 
flecting magnetic field; in such designs the above mentioned shortcomings can 
be reduced to a minimum. 

In the glass tube model 
the electron-optical system of! 
the mirror and the gun are 
located on the optical axis 
(Fig.1). The fluorescent 
screen is mounted on the anode: 
aperture and has a central 
opening. The electron beam 
Fig.1. Electron mirror tube with axial symmetry: produced by the gun passes 


1-5) mirror electrodes, 6-9 electron gun (9 - through this opening in the 
fluorescence screen and anode aperture), 10) screen and is propagated with-: 
specimen. out acceleration in the space 


between the screen and the 
optical system of the mirror. Arriving in the retarding field of the mirror 
(electrodes 1-5), the electron beam completely loses its forward velocity and 
is modulated by the local field at point of incidence on the specimen. Then, re: 
versing its initial direction, the beam is accelerated by the same field in the 
direction of the screen. In this case the electron-optical system of the mirror’ 
forms an image of the microfields on the reflecting electrode. 

In the region of the reflecting electrode the electrons move with very low 
velocities. Consequently, in this region they are very sensitive to weak elec- 
tric and magnetic microfields. The potential topography of the reflecting elec- 
trode may be created both by geometric inhomogeneities and by an electric field 
produced in some fashion at the cathode. As will be shown below, the electron 
mirror allows of observing the domain structure of such ferroelectrics as BaTi0g 

Without going into a detailed discussion of observation of geometric inhomo-: 
geneities by means of an electron mirror, we note that the geometry of the re- 
flecting electrode is very clearly imaged, and that the possibility of continu- 
ous variation of the magnification provided by our apparatus is very convenient 
for observation. 

Although the mechanisms of formation of images of powder patterns in an 
optical microscope and of domain structure in the electron mirror are different, 
one can, nevertheless, expect a certain correlation between the two pictures. 

We carried out such comparisons both in the work of Ref.1 and in the present in- 
vestigation. 

Mayer4 in an article published in 1957 avers that in our earlier work! we 
observed not the domain structure of the cobalt single crystal but its micro- 
topography. This assertion is not consistent with the facts: we carefully 
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checked the quality of the polish- 
ed surface by different procedures 
and there can be no doubt that we 
actually did observe the domain 
structure. To make doubly sure, 
using the same specimen as in 1955, 
we again compared the optical pow- 
der pattern with the electron mir- 
ror (Fig.1) image of the domains 
on the basal plane of the cobalt 
Single crystal. It will be evident 
from a comparison of the photo- 
graphs reproduced in Fig.2 that 
Fig.2. Powder pattern (a) and electron optical there is great similarity between 
image (b) of domains on the hexagonal surface the regions identified by arrows, 
of a cobalt single crystal. Magnification which may be taken as further proof 
100 X. that our earlier data! were sub- 
stantially correct. 

According to Mayer4, the picture at the axis of the electron beam should 
show minimum detail because of the radial component of the initial electron veloci- 
ty in this region equals zero, which leads to loss of image contrast. On the con- 
trary, wel noted that the greatest degree of detail is observed at the center of 
the image. This assertion remains valid inasmuch as the central part of the pic- 
ture,owing to curvature of the equipotential surfaces,corresponds to the closest 
approach of the electrons to the reflecting electrode, i.e., to the region of the 
strongest local field of the magnetic microlens. In Ref.1 we also noted that the 
experiments were carried out with a weakly divergent electron beam which, natural- 
ly, means that there was present a radial component of the velocity necessary for 
obtaining magnetic contrast. In our opinion one should not regard the picture 
corresponding to the axis of the beam as identical with the center of a photograph- 
ic image of the domain structure. 

To conclude the discussion,we would like to note that the concept of magnetic 
contrast for a mirror introduced for the first time in Ref.1l was experimentally 
demonstrated on an artificial model some two years before the publication of May- 
er's work in which, incidentally, he made use of the same method of successive 
alteration of magnetic and nonmagnetic layers as was employed in the work of Ref.1. 

We must note, however, that Mayer further developed the method of an electron 
mirror having magnetic contrast for observation of the domain structure of fer- 
rites and also called attention to the important role played by the normal compo- 
nent of the magnetic field in formation of the image contrast. 


2. Ef ; 
- ttern (a) and electron- 
Fig.3. Powder pattern (a) and electron Fig.4. Powder pa 

Becicat image (b) of domains on a mete- optical image (b) of domains on silicon 
eoric iron single crystal. Magnif. 70 X. iron. Magnification 100 X. 


- 726 - | 


Fig.5. Variation of the electron-optical image of the domain structure of cobalt 
with variation of the magnetizing field. Magnifications 200 X and 300 X. 


We obtained electron optical images of the domain structure of meteoric 
iron (Boguslavka meteorite) (Fig.3,b) and silicon iron (Fig.4,b) by means of the 
above mentioned electron mirror. Comparison of Fig.3,b with the domain struc- 
ture revealed by the powder technique (Fig.3,a) shows definite similarities in 
some regions. In the case of silicon iron (Figs.4,a & b), precise juxtaposition 
of individual areas is difficult, but one can discern a general similarity of 
the two images. ‘ 

The possibility of observing variation of the image incident to continuous 
variation of the magnetizing field is of great interest. In our experiment the 
specimens were magnetized by a coil mounted outside the tube. With increase of 
the magnetizing field (Fig.5) first, fine details are effaced (fine lines co- 
alesce into broader bright lines). Finally, in strong fields there are discern- 
ible only sharp lines outlining individual regions; true, these lines are not of 
equal brightness. In these experiments the vacuum in the instrument was 5-8-1074 
mn Hg; the maximum anode voltage was 7 kv. By way of electron gun we used the 
gun of a high-voltage oscilloscope. The potential on the gun electrode was chos- 
en as the optimal one and kept constant during the experiment. The diameter of 
the beam produced by the gun in the region of the first aperture (electrode 5 in 
Fig.1) of the electron-optical system of the mirror was 1 mm. Naturally, the 
quality, contrast and magnification of the image depend to a significant extent 
on the potential and design of the electron optical system. The reflector- 
cathode potential difference was usually zero although in some cases we applied 
a negative bias relative to the gun cathode. 

We also developed an electron mirror design with a metal envelope; it con- 
sists of a vacuum column containing an electron gun, an electron-optical mirror 
system and a fluorescent screen. As in the glass tube design, observation and 
photographing are realized from the side at an angle to the screen through a 
viewing window. The electrical system has provision for applying a small nega- 
tive bias on the reflector-cathode of the mirror relative to the gun cathode and 
for continuous variation of the voltage on the middle electrode of the mirror 
system. The maximum operating voltage is 25 kv; the vacuum 5-7-1075 mm Hg. The 
magnification can be varied continuously from 25 to 250 xX. For the electron- 
optical system we used the gun from an ESM-50 electron microscope with some modi- 
fications of distance between electrodes, the shape of the middle electrode and 
the system of insulation of the leads and electrodes. For the electron gun in 
this apparatus we used the gun from an EM-4 electron diffraction instrument We 
also made use of certain other components of the fM-4, namely, the column the 
vacuum fittings, the high voltage rectifier, controls, etc. : } 
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Fig.6. Domain struc- 


ture on the hexagonal Fig.7. Electron-optical (a) and optical (b) pictures 


face of cobalt. Mag- of the domain structure of barium titanate. Magnifi- 
nification 400 x. cation 200 X. 


By means of this metal 
instrument there were ob- 
tained images of the domain 
structure of cobalt (Fig.6) 
with a higher useful mag- 
nification than with the 
glass envelope design. It 
should be noted that the 
quality of the image of the 

: sp photograph is inferior to 
Fig.8. Electron-optical Fig.9. Electron-optical that observed visually on 


image of the domain image of the domain struc- the screen inasmuch as the 
structure of barium ture of barium titanate; photography must be carried 


titanate. Mag. 800 X. boundary between two polar- out at an angle to the 
ization regions. Mag. 150 X. screen. Hence many fine 
details discernible on the 
screen cannot be seen in photographs. 


Observation of the domain structure of ferroelectrics 


The electron mirror provides a new means of observing the domain structure 
of ferroelectric materials. We observed the domain structure on the surface of 
an X-cut barium titanate crystal; comparison of the electron-optical image (Fig. 
7,a) with the image observed in a polarizing microscope (Fig.7,b) shows consider- 
able similarity. The barium titanate single crystal was chosen with a clean smooth 
surface, which was checked with a metallographic microscope. The specimen was 
coated with a thin layer of germanium in a VUP-1 vacuum evaporator. This semicon- 
ductor coating on the single crystal surface made it possible to apply the re- 
quisite potentials. 

Photographs of the images obtained are reproduced in Figs.8 & 9. The dark 
spots are due to accumulation of charge on the germanium and condensation of oil 


vapor. 
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Further improvement of the electron mirror with axial symmetry is of un- 
doubted interest. A prototype of such a "direct" mirror is the electron-optical 
mirror converter, which was then modified and used as a mirror microscope’. 

Development and improvement of the technique of observation of microfields 
by means of an electron mirror is highly promising inasmuch as it is based on 
direct rather than indirect observation, for the image is obtained as a result — 
of direct interaction of the investigated microfields with the incident electron 


beam. 
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ELECTRON MICROSCOPY OF TEMPERATURE INDUCED CHANGES IN THE MAGNETIC 
MICROSTRUCTURE OF FERROMAGNETS 


- I.S.,Sbitnikova, G.V.Spivak & I.M. Saraeva 


In previous publications »2 by members of our laboratory staff there was 
described an electron-optical procedure for "visualization" by means of second- 
ary electrons of magnetic microfields, temperature waves and domains on the flat 
surface of a specimen. There was, for example, obtained the image of the domain 
structure on the hexagonal face of a cobalt Single crystal. Despite the fact 
that the magnetic fields of the domains on this face were rather strong (H = 104 
| Saas the secondary-electron image was of rather poor quality and low in con- 

rast. 

The purpose of further experiments, which are described in the present re- 
port, was to develop this visualization procedure: to increase the image contrast 
and to evaluate the sensitivity of the equipment. Of particular interest is the 
possibility of utilizing a secondary emission microscope for observing the dyna- 
mics of thermal processes occurring in ferromagnetic materials. 

We have now clarified the basic conditions that must be satisfied by a sec- 
ondary emission microscope intended for investigation of the magnetic microstruc- 
ture of ferromagnets. It was established that an accelerating electric field at 
the cathode tends to "suppress" the effect of electron focusing by magnetic micro- 
lenses.2 Hence the electric field at the cathode must be limited to 15-20 kv/cm. 
Moreover, the primary particles (electrons or ions) incident on the specimen must 
have a low energy to forestall excessive heating or destruction of the investi- 
gated surface, which would naturally interfere with observation of domain struc- 
ture. 

Méllenstedt and his co-workers4 report that good results with a resolution 
of ~500 A can be obtained in observing the surface of a metal with a secondary 
emission microscope provided the secondary electrons are ejected by a primary 
beam having an energy of 45 kev. They admit, however, that the fine structure 
of the surface is discernible only during the first minutes of operation of the 
ion gun, i.e., while the effects of sputtering are still negligible. The use of 
electrons” (instead of ions) for ejecting secondary electrons reduces the etching 
effect but at primary energies of 15 kev and higher leads to the appearance of 
a carbon film on the surface of the specimen. Moreover, use of fast primary elec- 
trons reduces the contrast of the magnetic microfield image. 

Consequently, the equipment described in Ref.6 cannot be used for observa- 
tion of domain structure; one must employ primary electron beams with appreciably 
lower energy; from tens to a few hundreds of electronvolts. It was discovered 
in our research that the magnetic contrast increases with decrease of the angle 
of incidence of the primary beam. Our experiments show that in the absence of 
orientation of the primary electron velocities, the magnetic contrast falls off 
to zero. 

The secondary emission microscope used in the present work was similar to 
that described earlier2. The angle between the normal to the emitter surface 
and the axis of the electron gun supplying the primary beam was about 30°. 

The maximum anode voltage did not exceed 10 kv. The focusing system was a 
shielded magnetic lens. At the same time the lens field served to magnetize the 
specimen. Through increase of the optical strength of the magnetic lens and 
careful adjustment of the system components we were able to enhance the image 
quality substantially. 

Fig.1,a shows a secondary electron image of magnetic inclusions in the sur- 
face of a polished steel specimen (accelerating potential 5 kv, primary beam 
energy 200 v, focusing magnetic field 2400 oersted). The magnetic martensite 
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Fig.l Fig.2 


Fig.1. Martensite needles in austenite matrix: a) imaged in the new secondary 
emission microscope; 55 X; b) micrograph of powder pattern on the same section, 
55 X. 

Fig.2. Image of magnetic structure of martensite steel recorded with 
the original (Ref.2) secondary emission microscope; 55 X. 


needles are imaged in the photograph as dark areas; the nonmagnetic regions 
(austenite) by lighter areas. This picture is consistent with the mechanism of 
formation of magnetic contrast proposed by us earlier (the electrons diverge 
from the sections with a higher magnetic field strength?) . For purposes of com-: 
parison a metallurgical microscope photograph of the same section of the speci- 
ment is reproduced in Fig.1,b. Here the martensite needles have been brought 
out by the powder technique; as in Fig.l,a the magnetic regions are represented 
by dark areas (areas of accumulation of the magnetic powder particles). The mag- 
nification in both photographs is the same. It will be evident that the picture: 
exhibit a marked similarity. This indicates that there are no particular dis- 
tortions involved in imaging magnetic microfields in the secondary emission micro 
scope, 

Fig.2 shows an electron-optical image of the same steel specimen as in Fig. 
l,a recorded at the same magnification in the secondary emission microscope used 
in our original studies?. The marked enhancement of the image quality in Fig.1,3; 
is due to partial elimination of first order aberrations connected with axial 
misalignment of the electron-optical system. 

To eliminate such aberrations completely one must have recourse to an all 
metal microscope design. We are now developing such a metal instrument for ob- 
servation of magnetic microfields. At first variant® of this instrument has beer 
used for establishing the correlation between the geometry and the thermionic 
emission of cathodes. It must be emphasized, however, that even on the basis of 
images obtained with the glass model one can evaluate to what extent the second- 
ary emission technique is applicable for observation of the influence of thermal 
processes on the magnetic microstructure of ferromagnets. 

Of greatest interest in this connection is investigation of temperature in- 
duced alterations of domains. Such observations by means of the powder pattern | 
procedure is difficult owing to the low boiling point of the suspension and the 
temperature dependence of the magnetization of the powder particles. Use of a 
dry powder, of course, precludes observation of the dynamics of the process. 

In contrast, the temperature variation interval is virtually unlimited in 
the case of secondary-electron observation. Moreover, such observations are re- 
alized in high vacuum so that there is no oxidation of the investigated surface. 

For testing the efficacy of the procedure we chose the (0001) surface of a 
cobalt single crystal (face area 3 x 3 mn; length of specimen 2 mm). The charac: 
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ter of the temperature dependence of the magnetic anisotropy’ shows that the sys- 

tem of domains on this face should vary greatly with temperature. The domain 

structure transforms from an "open" to a "closed" one at temperature above 250° 

a temperature induced rearrangement has been observed by a number of eveees 
ators. 

To facilitate the observations we made certain modifications in the design of 
the specimen holder of the microscope. We installed an alundum coated tungsten 
spiral (heater) that enveloped the specimen on the two lateral sides. The tempera- 
ture was monitored by a chromel-alumel thermocouple encased in a ceramic tube. 
Contact was realized by inserting the tip of the thermocouple into a special re- 
cess cut in the lower surface of the specimen (Fig.3). The specimen was heated 


Slowly (over a period of 5-6 hours) to the test temperatures, which ranged from 
20 to 300°, 


Fig.4. Variation of the domain structure of the 
Fig.3. Sketch of the (0001) surface of a cobalt single crystal with ten- 


specimen holder with perature. Images obtained in the glass secondary 
thermocouple. emission microscope; 50 X: a) 209, b) 200°, c) 240°, 


The surface of the cobalt single crystal was polished mechanically. The im- 
age of the domains on the (0001) surface was observed on the screen of the glass 
secondary emission microscope. The single crystal was mounted in the gap between 
the lens pole pieces, where the magnetic field was 300 oersted. 

The domain structure at room temperature is shown in Fig.4,a; the magnetic 
microstructure at 200° in Fig.4,b. It will be evident from a comparison of the 
photographs that with increasing temperature the dimensions of the figures in the 
electron optical images increases, while the contrast diminishes. This can be ex- 
plained by decrease of the stray fields and increase in the size of the domains 
with increasing temperature. It proved possible to observe the domain structure 
on the microscope screen up to a specimen temperature of 240°. The photograph re- 
corded at this temperature (Fig.4,c) shows that the microfields have been effaced: 
one can see only the polished surface of the specimen. All three photographs were 
recorded at the same test parameters: magnification 50 X, anode voltage 5 kv, pri- 
mary beam energy 400 v, vacuum 1-10~5 mm Hg. 

. It is known that in the course of heating and electron bombardment of speci- 
mens in electron-optical systems there may form contamination deposits on the spe- 
cimen; such coatings may distort the electron-optical image and reduce its contrast. 
Hence we again photographed the secondary electron image of the domains after cool- 
ing of the single crystal. It was found that the domain structure had not been al- 
tered by heating. Examination of the surface under a metallographic microscope 
after the experiments also showed that there was no noticeable contamination. — 

Thus we have shown that the secondary-electron microscope has good sensitivi- 
ty and can be used for observing the changes in domain structure occurring at 
elevated temperatures (up to ~240° in the case of the domain structure of the (0001) 
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face of cobalt single crystals). 
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INVEST IGAT ION OF GROUND AND POLISHED GLASS SURFACES AND SOME POLISHING POWDERS 
BY MEANS OF AN ELECTRON MICROSCOPE 


- Yu.I.Smolin & A. I. Korelova* 


Electron microscopic investigation of ground and polished glass surfaces can 
yield information on the structure of the abraded surface layer and the mechanism 
of the polishing process. Research along this line is developing in the Labora- 
tory of Cold Treatment of Silicates, headed by N.N.Kachalov. We employed an EM-3 
electron microscope and the polystyrene-silica replica technique for investigating 
the surface of glass plates ground with different abrasive powders and then polish- 
ed with jeweler's rouge for different periods. 

Some of the more representative electron micrographs are reproduced herewith. 
Fig.1 shows a glass surface with a complex re- 
lief obtained by grinding with M20 sand (grain 
size 20-14 yw); in the center of the photograph 
is a large chip-pocket (diameter ~7 yy) showing 
the conchoidal fracture characteristic of brit- 
tle materials. In the depth of the pocket one 
can discern a number of intersecting cracks. It 
should be noted that micrographs obtained by 
means of a light microscope only give a general 
idea of the character of the ground surface: de- 
tails of the superficial structure escape obser- 
vation owing to the restricted (as compared with 
the electron microscope) depth of focus and low- 
er magnification. 

Fig.1. Glass surface ground with The electron micrographs of Fig.2 show dif- 
M20 glass. Magnification 8000 X. ferent forms of disintegration of the surface 


Fig.2. Different types of disintegration in 

the surface layer of ground glass; magnifica- 

tion 8000 X: a) first stage of polishing, 

characterized by appearance of polished flats, 

b & c) chip-pockets remaining after grinding, 
d) cracks. 


¥T, A.Makarova and S.A.Demichev also participated in the work. 
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layer of glass at different stages of the polishing process. In Fig.2,a one cant 
see polished flats formed on the high points of the surface during the early 
stages of polishing. The edges of these flats are clearly outlined and show no 
traces of deposition of abrasive or glass particles. In the depth of a remain- 
ing pocket (Fig.2,b) one can discern a number of cracks of different shape. In 
Fig.2,c the pockets also have sharp outlines; here, too, there are no deposits 
of material. Grainy structure observed in some cases at the bottom of pockets 
shows that in cases when the pocket depth becomes commensurate with the dimen- 
sions of the rouge grains (0.3-0.5 w) there may accumulate at the bottom of the 
pocket particles of the polishing powder together with bits of polished-off glasi 
However, these particles are not bound to the glass surface and are removed in 
the course of further polishing and leveling of the surface. 

In the vicinity of the pockets there are almost always discernible fine 
scratches in the surface of the polished glass; these range in width from 0.05 
to 0.2 » and are apparently the result of abrasion by bits of glass broken off 
in the process of polishing from the edges of the chip-pockets or by individual 
larger grains of the polishing powder (Fig.2,b & c). 

Fig.2,d shows polishing cracks remaining on the glass after removal of the 
relief layer. These cracks differ in shape and generally have a width of 0.3- 
0.4 1. Such cracks are not ordinarily visible under a light microscope; to briny 
them out the glass surface must be etched with a weak solution of hydrofluoric 
acid. 

From the appearance of the ground surface and the shape and size of the ind: 
vidual chip-pockets as revealed by the electron microscope one can assert that iz 
the process of polishing the upper rough-ground layer is gradually removed by the 
abrasive action of the rouge grains, i.e., the leveling process consists solely 
of removal of high-point material and not of moving material from high spots to 
fill low areas.1 | 

It is evident from the electron micrographs of ground glass surfaces sub- 
jected to polishing that the edges of, chip-pockets as a rule have sharp outlines 
with no deposition of material either at the e@ges or in the depth of the pockets 
From the appearance of the cracks remaining in the surface layer it may be infer- 
red that they remain open and are not filled by the polished off glass particles. 

In electron micrographs of the surface of a well polished glass optical con- 
ponent we did not succeed in detecting any micro-irregularities (generally preser 
on ordinary polished surfaces) attributable to the abrasive action of the rouge 
particles. This is in agreement with the results of electron microscopic studies 
(Ref.2,3) of well polished glass surfaces, which failed to reveal any definite 
structure. 

According to Tolansky & Wilcox* ana Koehler®, who employed the multiple bean 
interference technique, the magnitude of the micro-irregularities on a polished 
glass surface does not exceed some tens of angstroms, i.e., lies at the resolu- 
tion limit of modern electron microscopes. 

Thus our investigations showed that use of an electron microscope for in- 
vestigation of the surface layer of glass and other brittle materials, provided 
due care is exercised in preparing the replicas, allows of obtaining val tania | 
information on the structure of the ground layer and the character of the super- 
ficial disintegration, i.e., permits obtaining data on the basis of which end 
can judge of the mechanism of brittle destruction of the surface layer and the 
process of grinding. However, for investigation of the hyperfine structure of 
polished surfaces having unevennesses of a few tens of angstroms, one must have 


an electron microscope wi 
of 15<20 I. p th a higher LAN ARI i.e., a resolution of the order 


# if 
Fig.3. Cerium dioxide sin- 
tered at 900°; magnifica- 


tion 13 000 x. 
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In addition to studying ground and polished 
glass surfaces, we investigated two polishing pow- 
ders, namely, cerium dioxide (CeOg) and rouge 
(AFe903). The cerium dioxide specimens were pre- 
pared by the usual method of allowing particles to 
settle from a drop of suspension spread on a collo- 
dion film. A micrograph of cerium dioxide powder 
is reproduced in Fig.3; one can clearly discern the 
form of the particles - fairly regular hexahedrons - 
and readily determine their size. 

In attempting to prepare iron oxide specimens 
we encountered great difficulties owing to the ten- 
dency of Fe903 particles in a water suspension to 
form conglomerates, which of course makes it impos- 
sible to determine their shape and size. We attempt- 
ed to prepare rouge specimens by incorporating the 
powder into the film support. The rouge was stirred 


2 POR" 5 into a solution of cedar oil in isoamyl acetate to 
~ * & ec cg we form a paste; then this was diluted with a 1% solu- 
2% P rs ~‘ oat tion of colloxylene in amyl acetate. The resultant 
* oe oe | suspension was stabilized by the addition of small 
re _* af ‘ amounts of ferric chloride solution. Most stable 
ham a a “‘, proved to be the suspension containing 0.03-0.05% 
- . ‘ a nA <. FeCl3. In this mixture the rouge particles remained 
7 -o>, suspended for several days. Still it was impossible 
f fe “ to obtain a good rouge specimen by spreading a drop 
is , - a re ” of the stabilized suspension on a supporting film in 
+ fr * the usual way. Upon drying of the drop the ferric 
si pare A | 4 


= chloride concentration changed and the rouge parti- 
Fig.4. Rouge roasted at 6009; cles agglomerated. Moreover, the contrast of the 
magnification 8000 X. micrographs was impaired by the continuous gray back- 
ground due to separation of FeCl3 crystals from the 
solution. 

Finally, we had recourse to the following procedure: a drop of 1% solution 
of colloxylene in isoamyl acetate was applied to the surface of the FeCl,-stabil- 
ized suspension containing about 15% rouge by weight. In this case the rouge 
particles penetrated into the film before it dried and after evaporation of the 
solvent remained trapped in the film. By this procedure we succeeded in obtain- 
ing sufficiently well dispersed rouge specimens. 

An electron micrograph of rouge roasted at 600° suspended in a film prepared 
as described above is reproduced in Fig.4. As may be seen, the rouge particles, 
which measure about 0.1-0.2 yp, do not form large agglomerates and are arranged in 
a single layer in the filn. 

We believe the described procedure should be generally applicable to the 
preparation of microscopic specimens of powders that have a tendency to agglomer- 
ate, provided appropriate stabilizing agents for the suspensions are available. 
Institute of Silicate Chemistry, 
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INVESTIGATION OF STRUCTURAL CHANGES IN DIELECTRICS UNDER THE INFLUENCE 
OF HEAT, CHEMICAL ETCHING AND ION BOMBARDMENT 
- A, I,Krokhina & G.V.Spivak 


Earlier!,2 we showed that by ion bombardment of dielectrics one can obtain 
etch figures representative of the symmetry of the bombarded face of a crystal. 
In these experiments we bombarded individual faces of different crystals. In 
the case of calcite we bombarded a face of the rhombohedron; in the case of rock: 
salt a cube face, and in the case of Rochelle salt the surface of an X-cut speci- 
men. To evaluate the potentialities of the ion bombardment technique we felt it: 
would be of interest to obtain by this procedure etch figures for differently 
oriented planes of the same crystal, as Kuznetsov? did by chemical etching. To 
this end we prepared specimens of rock salt, calcite, Rochelle salt, quartz and 
other dielectrics with different orientations. 

In some cases we used the original ionic etching technique; in other cases 
a newly developed procedure. After ion bombardment, the symmetry of fully formee 
etch figures corresponded to the symmetry of the crystal plane on which the figui 
appeared. Thus after etching of the (100) face of NaCl there appeared regular 
cubes, on the (110) face there formed prisms with cube faces, and on the (111) 
face there appeared figures in the form of pyramids. Thus by ionic bombardment 
there were obtained etch figures of rock salt characteristic of the (100), (110) 
and (111) planes. 

For ionic etching of calcite we used a cut perpendicular to the optical axi; 
and a cut parallel to the surface of the rhombohedron. Different figures were 
obtained in the two cases. For ionic etching of Rochelle salt we used X, Y and 
Z-cut samples. As will be seen from the accompanying photographs the different 
cut planes of Rochelle salt exhibit different etch figures. 

The original ionic etching procedure!,2 had a number of shortcomings. In 
this procedure to apply the potential to the dielectric we used a contacting 
metallic screen 1-2 mm thick with ~1 mm mesh. It is known that the ion current 
depends on the gas pressure in the tube. Hence the focusing action of the "micre 
lenses" forming in the screen meshes could be expected to vary with the discharge 
current and the pressure in the tube. 

The enhanced ion and electron current density produced by the microlenses i; 
modulated by the discharge parameters and is not constant. The cathode is heated 
to different temperatures depending on the discharge conditions. In our experi- 
ments the cathodes heated up to from 200 to 400°. The changes in temperature lec 
to changes in the potential distribution over the surface of the dielectric, whit 
naturally modulated the ion current density distribution over the disitecrec and, 
consequently, influenced the formation of the etch figures. In etching samples 
with a low melting point (the melting point of Rochelle salt, for example, is 80° 
we used tubes with intensive water cooling of the sputtered specimen. 

The contacting metallic screen procedure yielded only qualitative informa- 
tion where determination of the variation of the etching effect with the strengtl 
of the ion current and the accelerating potential is concerned. 

We therefore deemed it desirable to change to a different procedure for re- 
alizing conductivity of the specimen. Specifically, we used heating of the di- 
electric to bring it into the semiconductor state. For each dielectric there is 
a certain temperature at which a discharge is freely ignited on its surface 
Thus, for example, for rock salt, according to the data of Skavani* the re uisit 
surface and bulk conductivity is assured at temperatures above 400°, chate the 
UIT-1 ionic etching unit (described in Ref.5; also see next article), we succeed: 
ed in igniting a discharge on the surface of rock Salt at T = 4009 "At a voltage 
of 3 kv and a current of 3 ma a stable discharge was maintained +e 1.5 hours, | 


Etch figures: 1 - X-cut Rochelle salt etched at V = 1 kv, I = 1 ma and t = 15 min; 
200 X. 2 — Y-cut of Rochelle salt; V = 1 kv, I= 1 ma, t = 20 min; 500 X. 3 = 
(111) face of NaCl; T = 400°, Vv = 3 kv, I= 3 ma, t = 1 hr, 30 min; 2000 x. 4 - 
(100) face of KCl, etch figures obtained by evaporation in vacuum at T = 600°, 
p = 1°1074 mm Hg and t = 1 hr 30 min; 160 X. 5 - (100) face of KBr, V = 2 kv, 
I = 4 ma, t = 30 min; 240 X. 6 - (111) face of NaCl, V = 1 kv, I = 0.3 ma, t = 

= 4 hrs; 700 X. 


after which the surface of the specimen observed under an electron microscope 
proved to be covered with the etch figures characteristic of the (111) face 
(Fig.3). After exposing a heated (100) cut specimen of NaCl to discharge con- 
ditions of V = 2.5 kv and I = 5 ma for 30 min, we obtained the etch figures 
characteristic of this surface. 

In developing the technique of iconic etching of heated dielectrics we deem- 
ed it essential to determine the effect of evaporation of the dielectric in vacuum 
in the absence of ion bombardment. It was necessary to establish the critical 
temperature at which intensive evaporation of the crystal occurs and to investi- 
gate the surface relief after such evaporation. In other words, we had to deter- 
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mine whether the change in the surface relief should be attributed to ion bon- 
bardment or to evaporation from the surface. We found that there was no notice- 
able etching of a specimen heated to 400° and held in vacuum (51075 mm Hg) for 
2-3 hours. In the case of heating rock salt to 650-750° there does occur some ~ 
evaporation having the character of etching. Thus, for example, by heating NaCl. 
KCl (Fig.4) and KBr to over 600° we obtained etch figures of the regular struc- 
ture. In these experiments we observed the formation of deposits of appreciable: 
thickness on special mica screens installed in the tubes. 

The results of ionic etching by evaporation in vacuum of all the above men-) 
tioned specimens were compared with the results of chemical etching. In all 
cases identical etch figures were obtained. Thus we have established that by 
ion bombardment of heated specimens one can obtain etch figures on the different. 
crystal planes representing the symmetry of the given crystallographic cut (Figs. 
5 & 6). It may be inferred, therefore, that in ionic bombardment the sputtering: 
of the surface by the gas discharge ions is "modulated" by the crystal structure: 
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PROCEDURE FOR BRINGING OUT THE STRUCTURE OF METALS AND ALLOYS BY ION BOMBARDMENT 
~- V.E.Yurasova, G.V.Spivak & F.F.Kushnir 


Ionic etching of grain boundaries and structural components 
of alloys in a wide temperature range 


oe en a convenient method of bringing out the structure of 
SET Cae as eae of advantages over chemical etching and 
ment is that i eau: ie of the principal advantages of ion bombard- 

s a t can be used for investigating the structure of metals and alloys 
in a rather wide temperature range. Of greatest 
interest is ionic etching at temperatures ranging 
from room temperature to 0.6 the melting point, 
where neither chemical etching nor thermal evapo- 
ration in vacuum is feasible. In connection 
with ionic etching in the indicated temperature 
interval, it is desirable to be able to observe 
the changes in the appearance of the surface dur- 
ing sputtering under constant vacuum and tempera- 
ture conditions; through such observation one 
can follow the dynamics of transformation in al- 
loys. Moreover, photographing surfaces of sput- 
tered specimens can yield new information regard- 
ing their structure at the elevated, etching tem- 
perature. 

To permit visual observation and photograph- 
ing of the surface of sputtered specimens at dif- 
ferent temperatures we designed and constructed 
a special attachment to the UIT-1 ionic etching 
unit2 developed by us earlier. The attachment 
is shown mounted on the unit in Fig.1. This at- 
Fig.1. Attachment to the tachment differs from that described earlier by 
UIT-1 ionic etching unit. Lozinskii? in that the viewing quartz window is 

movable: the distance from the surface of the 
specimen to the window can be varied from 10 to 60 mm. During ionic etching or 
during deposition of replica material on the specimen the window is raised by a 
special elevating mechanism (without disturbing the vacuum) and at the same time 
automatically covered by a shutter which simultaneously serves as the anode in the 
sputtering process (the specimen is, of course, the cathode). Ionic bombardment 
can be carried out in the UIT-1 unit at temperatures ranging from room tempera- 
ture to 1100°. The heating of the specimen is regulated and its temperature 
measured by means of a special device described earlier?. 

The possibility of employing ion bombardment for bringing out the structure 
of metals in a wide temperature range was demonstrated on the example of the 
familiar martensitic transformation in aluminum bronze. * 

The aluminum bronze specimen was mounted in the UIT-1 unit and heated at 
750° for one hour. The micrograph of Fig.2,a shows the appearance of the speci- 
men heated to 750°. Then the specimen was rapidly cooled to 320°. The result- 
ant martensitic transformation changed the topography of the surface (Fig.2,b). 
However, the martensite needles were brought out clearly only by ionic etching of 
the specimen at 320° (Fig.2,c). 

*We take this occasion to thank M.V.Dekhtyar for calling to our attention 
the suitability of aluminum bronze for the purposes of this investigation. 


Fig.2. Martensitic transformation in aluminum 
bronze; 350 X: a) surface of specimen at 750°; 
b) microrelief developing as a result of rapid 
cooling of the specimen to 320°; c) martensite 
structure brought out by ionic etching at 320°. 


If the specimen is cooled 
slowly from 750 to 320°, natur- 
ally, no martensite structure > 
forms. This case is illustra- 
ted in Fig.3; micrograph a 
shows the appearance of the 
surface at 750°; micrographs 
c & d show the appearance of 
the surface after ionic etch- 
ing of the specimen at 550 and 
310°, respectively. In these 
last photographs one can clear= 
ly discern the grain boundaries 
and the structural components 
brought out by cathode sputter- 
ing. 

The maximum useful magni- 
fication attainable with the 
attachment to the UIT-1 unit 
for either visual observation 
or direct photographing with 
a long focus Andina lens is 
400 X. For electron microscop-: 


ic observation the equipment 


Fig.3. Grainy structure and 
phase components of aluminum 
bronze brought out by cath- 
ode sputtering at 5509; 350 
X. Appearance of surface: 

a) at 750°, b) after cooling 
to 550°, c) after ionic etch- 
ing at 550°, d) after ionic 
etching at 310°. 

——— 


Fig.4. Electron micrograph 
of aluminum bronze specimen 
etched by bombardment with 


neon ions. Magnification 
5000 x, 
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has provision for deposition of carbon, silica or metallic films on the specimen 
immediately after sputtering. By way of illustration in Fig.4 we reproduce an 
electron micrograph of a carbon replica from a sputtered aluminum bronze surface. 


The replica material was applied immediately after ionic etching without exposing 
the specimen to air. 


Disintegration of the grain surface of polycrystals and faces of 
single crystals by ion bombardment 


Cathode sputtering results not only in bringing out the boundaries of grains 
and structural components of alloys but also in selective removal of material in 
the vicinity of different structural inhomogeneities emerging to the surface of 
polycrystal grains and single crystal faces. Frequently in the course of cathode 
sputtering there form regular bounded figures, which are more commonly depressed, 
rather than raised above the surface.1,4 Investigation of the reasons for the 
formation of these symmetrical depressions may further our understanding of the 
mechanism of cathode sputtering and point to new applications of ion bombardment. 

It is logical to assume that the oriented depressions form as a result of 
preferential sputtering of the material along close packed crystallographic direc- 
tions. Selective ejection of particles along close packing directions was estab- 
lished by Wehner” for the case of sputtering of single crystals by low energy 
(200 ev) ions and in the work of one of us (Ref.6) in the case of etching of 
single crystals by high energy (1-5 kev) ions. Experiments on sputtering of the 
(100) face of Q-chromium and tungsten single crystals and the (100), (110) and 
(111) faces of copper single crystals in high-density low-pressure plasma (the 
sputtering technique is described in Refs.6 & 7) also substantiated the selective 
nature of the effect. 

It was also shown that the symmetry of the oriented depressions forming on 
the faces of single crystals agrees with the symmetry of figures forming in de- 


Fig.5. Oriented depressions formed by ionic etching on the (100) , eos and cee 

faces (a,b & c, respectively) of a copper single crystal (above) and ae pases 

sponding figures forming by deposition of the sputtered particles oe : m ages 

located parallel to the sputtered surface (below) (the transitions betwee 
individual spots are not apparent in the photographs) . 
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position of the particles sputtered from these faces on a mica screen mounted 
parallel to the sputtered surface (Fig.5). | 

Of particular interest is the fact that the appearance of new additional di- 
rections of preferential emergence of the particles sputtered from a face of a 
single crystal, observed with increase of the ion energy®, leads to change in the; 
appearance of the oriented figures on the crystal faces. Thus, for example, in 
the case of sputtering of the (111) face of a copper single crystal by slow ions 
preferential ejection of particles occurs in the three close packed {110 direc- 
tions and the relief on the surface of the face consists of trihedral figures. 
With increase of the ion energy to 300-400 ev preferential sputtering of the 
material occurs not only in the three [110] directions, but also in the three 
[100] directions extending from the (111) face (see Fig.5)., Accordingly, there 
form on the (111) face characteristic hexahedral depressions, one of which is 
shown in Fig.5,c. 

If the symmetrical figures form on the surface owing to more intensive sput-: 
tering of the material along certain crystallographic directions, these figures 
should be bounded by the planes perpendicular to these directions. The indices 
of the planes forming the oriented pyramidal depressions can be determined if we 
know the direction of the side of the base of the pyramid on the single crystal 
face and the angle of inclination of the planes bounding the figure relative to 
the face. The direction of the sides of the base can readily be determined with 
reference to a scratch made beforehand in a known direction on the investigated 
face. The angle of inclination of the pyramid face relative to the base is given! 
by the ratio of the height / of the pyramid to the side aof the base. Where the: 
depth of the etch figure is of the order of 5-6 1, hk can be measured by means of 
a metallurgical microscope with a shallow depth of focus lens by alternately 
focusing on the base and peak of the pyramid. 

In this manner we measured the depth of the tetrahedral pyramidal depres- 
sions formed by cathode sputtering on the cube faces of copper single crystals 
(face-centered cubic lattice) and tungsten single crystals (body-centered cubic 
lattice). The value of h/a obtained from measurements on several pyramidal de- 
pressions in copper single crystals proved to be 0.5 (within 12-15%). The side 
of the tetrahedral depression was parallel to the [100] direction in the plane 
of the sputtered face. Consequently, the pyramidal depressions in this case 
were formed by the (110) planes perpendicular to the most close packed [110] di- 
rection. Similar measurements of the figures on the cube faces of chromium and 
tungsten single crystals led to a mean value of 0.7 + 0.09 for h/a; it was found 
that the side of the base of the pyramid was parallel to F307} Consequently, 
the pyramidal depressions are bounded by the (111) planes perpendicular to the 
most close packed [111] directions. 

More accurate determinations of the depths of the oriented figures were made 
from electron microscope stereoscopic pairs. A carbon film 200-300 A thick was 
applied to the bombarded surface of a copper single crystal and stripped off me- 
chanically. Then a stereographic pair was recorded of the section with a pyra- 
midal formation (Fig.6). The parallax difference Ap between the peak of the 
pyramid and its base was measured by means of a high precision SM-3 stereometer; 
the height of the pyramid was then calculated by the formula ; 

Pesaaeee 


2M -sin 

where M is the magnification of the stereoscopic pair and 7 is the angle of con- 
vergence (the angle of tilt of the specimen in the electron microscope). (We 
determined the angle of convergence to within 1' beforehand from electron micro- 


scope stereographic pairs of a copper replica of a diamond ramid of 
we obtained a value of 6° 25' for y.) PY known heigh 
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The ratio of the height 
(depth) of the pyramid formed 
on the (100) face of the cop- 
per single crystal to the length 
of the side of the base found 
in this manner proved to be 
0.5 + 6%. Inasmuch as the side 
of the base of the pyramidal de- 
pression was parallel to the 
[100] direction in the plane of 
the face it could be inferred 
that the depression was formed 
by the (110) planes perpendicu- 
lar to the close packed [110] 
direction (or by close planes 
with high indices). 

Thus we have shown that 
the oriented depressions appear- 


Fig.6. Stereoscopic pair: pyramidal depression ing as a result of cathode sput- 
formed in the (100) face of a copper single tering on the cube faces of cop- 
crystal. Magnification 9400 xX. per, tungsten and chromium 


single crystals are frequently 
bounded by planes perpendicular to the close packed directions. The cited experi- 
mental data give reason to infer that the oriented depressions formed by ionic 
etching of metal surfaces appear as a result of preferential sputtering of the 


material along the close packed crystallographic directions normal to the bombard- 
ed surface. 
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UTILIZATION OF AN £M-3 ELECTRON MICROSCOPE FOR LOCAL X-RAY 


SPECTROGRAPHIC ANALYSIS 
- A.M,Solov'ev & V.N.Vertsner 


X-ray spectrographic analysis procedures employed until recently involved 
the use of an x-ray tube with a large focal spot. This was dictated by a number | 
of factors, namely, the geometry of spectrographs, the need to reduce heating of 
the target, etc. Such analysis can yield only an average value of the percentage: 
of a given element in a rather large volume of the investigated specimen or sam- 

le. 

: It is now frequently necessary, however, to obtain information on the chen- 
ical composition of small sections of the specimen or even of individual grains 
or intergranular layers in polycrystalline samples. Extant methods of local ana-: 
lysis, for example, optical local analysis, cannot be used for determinations in 
regions smaller than 50 in diameter. Realization of greater localization of 
chemical analysis has become possible with the development of electron optics, 
i.e., with the development of equipment capable of producing narrow sharply focus: 
ed electron beams that can excite x-radiation from a volume amounting to only a 
few cubic microns. By analyzing the resultant x-ray spectrum one can determine 
the chemical composition of such microregions. 

In 1951, Castaing!-3 developed an instrument for local x-ray spectrographic 
analysis and carried out investigations of the chemical composition of metallo- 
graphic sections with localization in a region of 2-3 yw. Later, Borovskii & 
I1'in4-7 constructed a similar apparatus based on an EM-4 electron microscope- 
diffraction camera. 

Equipment for x-ray spectrographic microanalysis® was also built in the Stat« 
Optical Institute. The equipment utilizes the basic components of an EM-3 elec- 
tron microscope and consists of four principal parts, namely, an electron optical 
system, an x-ray spectrograph, an optical system for examining the investigated 
specimens and a recording system. 

The electron optical system (Fig.1) consists 
of an electron gun and two electromagnetic lenses. 
The electron gun is the electron gun of the EM-38 
but with negative bias applied to the cathode cylin: 
der and electrodes of new shape (the type now used 
in the EM-5 electron microscope). This system of 
electrodes assures a narrow (20-30 y diameter) 
beam. The first lens, which is the condenser lens 
of the £M-3, is operated to give a 4-5 X demagni- 
fication. The image of the electron source demag- 
nified by this lens to a diameter of 5-6 uw is re- 
focused by the second lens with approximately the 
same demagnification onto the investigated specimen. 
Thus the diameter of the electron probe on the spe- 
cimen is <2 uy. For the second lens at first we 
used the objective lens of the EM-3, but subsequent- 
ly there was prepared a special lens incorporating 
a specimen stage providing for the necessary motion: 
of the specimen and an optical system for observa- 
tion and selection of the investigated section of 
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recording voltmeter the specimen. 
Between the first and second lenses there is 
Fig.l. Diagram of x-ray an adjustment mechanism for translating and tilting 


spectrographic equipment. the first lens together with the gun relative to 
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the second. Through this adjustment the electron beam is aligned with the axis 
of the secon 


d lens thereby insuring maximum intensity of the x-radiation. 
Experimental work with the equipment showed that even minor contamination 
along the beam path and deposits on the apertures defining the beam lead to the 
appearance of astigmatism of the beam, as a result of which the minimum diameter 
of the electron beam becomes appreciably greater than 2 1. Hence to correct astig- 
matism we prepared a special stigmator with a rotating field; this is installed 
immediately after the pole pieces of the second lens. 

An optical microscope with a special mirror-lens objective with a magnifica- 
tion of 43 X and a working distance of 7 mm is used for examining the specimen and 
selecting the zone of investigation. The microscope objective is located in the 
region of the second electromagnetic lens and is in the vacuum (Fig.1); the illumi- 
nating system of the microscope (an OI-8 illuminator) and the eyepiece are outside 
the vacuum column. The optical axis of the light microscope is normal to the plane 
of the specimen, which is mounted at an angle of 45° to the electron beam. 

By virtue of the large working distance (focal length) of the microscope ob- 
jective, one can examine the specimen during analysis since in its regular posi- 
tion the lens tube does not interfere with either the electron beam or the x- 
radiation. The outside surface of the objective lens is lightly metallized to 
prevent build-up of electric charge on the glass. 

To monitor the point of incidence of the electron probe on the specimen we 
employed a fluorescent single crystal with high resolution (2 y) kindly supplied 
by V.V.Kuprevich. The crystal was mounted on the same stage with the specimen so 
that by moving the stage either the crystal or the specimen could be brought under 
the beam. With the crystal in the beam one can determine the point of incidence 
from the luminous spot on the crystal. This point of incidence is fixed by align- 
ing the cross hairs on the microscope eyepiece with the spot. Then for analysis 
the desired section of the specimen is brought into coincidence with the cross 
hairs. To insure the point of incidence of the electron beam on the specimen be- 
ing in the field of view of the microscope the equipment has an electromagnetic 
deflecting system consisting of two pairs of deflecting coils, mounted under the 
-stigmator. The electron beam can be deflected over an area 2 mm in diameter by 
this deflecting system. 

The x-ray radiation from the specimen is analyzed 
by a spectrograph (Fig.2) with a bent (R = 500 mm) 
quartz crystal. The x-rays from point A on the speci- 
men, located, like the bent crystal, on the "Rowland 
circle’ of radius R/2, are reflected at the Bragg 
angle to the Geiger-Muller counter. The quartz crys- 
tal is clamped in a crystal holder which is mounted 
on a rotating arm connected with a dial showing the 

le of rotation. The center of rotation of the arm 
Apert center of the "Rowland circle’. Provision for 
displacement of the bent crystal along the circle is 
necessary for analysis for different elements. In fae 
Borisov-Il'in equipment the crystal is stationary an 
Fig.2. Diagram of "Rowland the specimen together with the entire electron optical 
circle’; A - specimen, K - system, which weighs some tens of kilograms, is rota- 
pent crystal. ted; this is, of course, very inconvenient. 

The design of the spectrograph allows of working 
either by the"transmission" or the "veflection’ method. In the first case, reflec- 
tion is from the (1340) atomic planes of the quartz; in the sera ce site aoe 
(0001) planes. The "transmission" method is used in analysis for sae pene 
(from nickel - Z = 28); the "reflection method is employed for ride: * eee 
longer wavelength region of the x-ray spectrum for Ti (Z = 22), V, Cr, Ma, 
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Co (Z = 27). A speci 


al vacuum attachment 

to the spectrograph — 
is now being develope 
for determination of — 
light elements (Al, 


Si, S & P). 


The x-radiation 


Yom, excited in the speci- 


>. ’ , ge men exits from the 


specimen chamber 
through a special 


a : Mid, T window with low ab- 


sorption for x-rays. 


Ye” > ° The spectrum is re- 
a , oe ne corded by means of 


a Geiger-Miller coun-- 


ea) Wy ( ter connected to ap- 
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propriate amplifying 


Fig.3. Micrograph of cobalt base alloy. equipment. The ampli- 


into a scaler or a pulse integrator, which is, in turn, conn 


fied pulses are fed 
ected to a recording 


voltmeter. The counter and the first amplification stage are mounted on an ex- 
tension of the crystal arm and rotate together with the crystal. 


The degree of localization of analysis, i.e., the diame 
source, depends on the cross section of the electron beam; t 
analysis depends on the intensity of the excited x-radiation 

The size of the x-ray source was determined in several 
ow photographs of a number of objects, from the size of the 
fluorescent single crystal, and by direct experiments involv 
the chemical composition of phase inclusions of known size i 


ter of the x-ray 

he sensitivity of 
ways: from x-ray shad: 
luminous spot on the 
ing determination of 
n metallographic sec- 


tions. On the basis of all these experiments we evaluate the effective diameter 
of the source to be 2-3 yp. The intensity of the excited x-ray radiation is such 


that with the spectrograph set to the Cu Kd, line, the coun- 
ter records 5°103 pulses per second with a background fluc- 

tuation of 20 pulses per sec. This indicates that the sen- 

sitivity of the method is not inferior to 1%. 

The described equipment was used for investigating the 
chemical composition of some two-phase metal alloys. One 
such alloy was a cobalt base alloy containing chromium, 

tungsten, nickel and some other elements. A micrograph 
of the alloy is reproduced in Fig.3. The structure of this 
alloy comprises small second-phase inclusions varying in 
size from 2 to 30 pn. Investigation of the chemical compo- 
sition of these inclusions showed that the second, finely 
dispersed phase, is enriched in tungsten and chromium and, 


fj 


Co 


Fig.4. Voltmeter record of the variation in Co, Ni, Cr, W and Mo content in dif- 


ferent phases of a cobalt alloy. 
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accordingly, poorer in cobalt. Nickel is present in the same amounts in both 
phases. In other alloys containing molybdenum instead of tungsten, this second 
phase, in addition to chromium, is enriched in molybdenum (Fig. 4). 
analyses were carried out for a number of other metal alloys. 

The results of investigation of two-phase alloys show that the described 


equipment can already be used for solving a number of important metallographic 
problems. 


Similar phase 
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INVESTIGATION OF THE HEATING EFFECT OF ELECTRONS ON THE SPECIMEN 


IN AN ELECTRON MICROSCOPE 
- I.G,Stoyanova & E.M.Belavtseva 


Heating of the object in an electron microscope occurs as a result of ener- 
gy loss by the electrons in passing through the object. The temperature of a 
specimen under observation depends partly on the fraction of the electron energy 
loss transformed into heat in the specimen and support and partly on the heat re-: 
moval conditions. 

At present there are no reliable data on what fraction of the energy lost 
by electrons in thin films is transformed into heat. Moreover, until now there 
has been no direct method of measuring the temperature of thin specimens heated 
by electron bombardment, for example, objects investigated by transmission in an 
electron microscope or diffractometer. Standard methods of temperature measure- 
ment (wire thermocouples, thermistors, etc.) are unsuitable for measuring the 
temperature changes in such thin objects because the dimensions of the probes, far ' 
from being commensurable with electron microscope specimens, greatly exceed these 
in size. Hence most methods of determining the temperature of microscope speci- 
mens are indirect: the temperature is evaluated a) from changes in the electron 
microscope picture of some substances as a result of melting or evaporationt or 
b) from changes in the diffraction pattern occurring as a result of the thermal 
effects of electron bombardment2. Such indirect methods, however, can only be 
used in certain narrow temperature ranges, i.e., do not allow measuring the speci- 
men temperature under any and all bombardment conditions. 

The present work was devoted to experimental investigation of the heating 
effect of electrons on electron microscope and diffraction camera objects. To 
this end we developed a microthermocouple device for direct measurement of the 
temperature increment in a specimen heated by electrons under the operating con- 
ditions of the instrument. 

The microthermocouple is diagramed in Fig.l. It consists of a 3 mm diameter 
brass diaphragm 1 with a 1 mm diameter aperture, which serves as the support for 
two metallic half-rings 2 and 3 of copper and constantan, respectively, (the tails 
4 & 5 form the leads to the external connection). The half-rings are insulated 
from each other and the supporting diaphragm by a layer of some suitable material 
such as BF-2 plastic cement. The half-rings are covered 
with a Formvar film support 6. The film is stripped off 
part of the half-rings (sections 7 & 8). Then under high 
vacuum there are evaporated onto the film thin layers of 
copper 9 and constantan 10 so that they overlap at the 
center of the diaphragm. This overlapping section 11 which 
has an area of 0.0025 mm” and an average thickness of 300- 
500 A is a microthermocouple commensurate in thickness with 
most specimens investigated in electron microscopes. The 
resistance of the condensed layers was 1000 ohms on the 
average. By way of supporting film we used Formvar repli- 
cas from a diffraction grating; the thickness of the film 
like that of the thermocouple layer was determined by weigh- 
ing on a microbalance and found to be about 300 A. 

Tests showed that the calibration curve for the evapo- 
rated thermocouple was virtually identical with the calibra- 
tion curve for wire thermocouples of the same metals (Fig. 
2,a). The calibration plot of the evaporated thermocouple 


Fig.1. Microthermo- did not change as a result of electron bombardment (Fig. 2 
couple. b). ; 
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Fig.2. a) calibration curves of wire (1) and condensed (2) thermocouples; b) 
calibration characteristics of condensed thermocouple before (1) and after (2) 
electron bombardment. 


The copper-constantan thermocouple on a Formvar film can be used for measure- 
ment of temperatures up to 250°. For measuring higher temperatures one can use, 
for example, a platinum-rhodium thermocouple deposited on a quartz support in a 
similar manner. 

For measurement purposes the thermocouple assembly was mounted in an elec- 
tron microscope and the leads connected to an instrument calibrated to indicate 
the temperature rise of the thermocouple. The current density on the "object" 
was determined as the current density in the plane of the image. The beam cur- 
rent was measured by a galvanometer connected to a Faraday cup located at the 
level of the final screen. 

By means of the described arrangement we obtained a series of temperature in- 
crement curves characterizing the variation of the object temperature with the 
bombardment conditions and the thickness of the ebject. Curves 1 and 2 in Fig.3 
show that variation of the temperature increment with the current density at ac- 
celerating potentials of 80 and 40 kv; curve 3 shows the change in the current 
density dependence of the temperature increment as a result of increasing the ob- 
ject thickness 280 ri by deposition of an additional carbon layer. Curves 4 & 5 
show the temperature variations at 80 and 40 kv, respectively (i.e., the change 
from curves 1 & 2) for the case of irradiation of almost opaque particles deposit- 
ed directly on the thermocouple. As will be evident from Fig.3 increase of the 
accelerating potential from 40 to 80 kv does not have as much effect on the object 
temperature for objects up to 1500 A thick as does a change in the thickness of 
the object. In the range of large specimen thicknesses, however, the variation 
of the temperature increment with accelerating potential changes more appreciably 
than in the case of thin objects (compare curves 1 & 2 and 4 & 5). All these 
curves were recorded under the same temperature removal conditions. In all cases 
the thermocouple was irradiated with a beam ~0O.1 mm in diameter. 

Fig.4 shows how the current density dependence of the temperature increment 
(curve 1) changes as a result of increase of the object thickness by application 
of a layer of yeast directly on the thermocouple (curve 2). Both these curves 
were obtained with an accelerating potential of 70 kv and a bombarded area of 
15 uw radius. 

The variation of the object temperature increment with the current density 
for different irradiated areas is shown in Fig.5. These curves show that the bom- 
barded area is a very important factor where the temperature increment is concern- 
ed. If the radius (r) of the irradiated section is 15 p, the temperature incre- 
ment generally does not exceed 10° in the range of current densities commonly em- 
ployed in electron microscopy. On the other hand, if the radius of the bombarded 
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Fig.3 Fig. 4 
Fig.3. Variation of object temperature increment AT with bombardment conditions 
(accelerating potential) and object thickness. 
Fig.4. Variation of the temperature increment with the current density 
and object thickness; V = 70 kv, r= 15 un. 
AIG 


150 


100 


Fig.5. Variation of the temperature increment with the current density for dif- 
erent diameters of the bombarded area. 
Fig.6. Variation of the temperature increment of an object on an elec- 
trolytic copper grid; the square points show the temperature increment 
of an electrolytic copper screen as calculated by Leisegang3. 


section is increased to 650 . the temperature increment attains 170° at a current 
density of only 51072 amp/cm2. 

Fig.6 shows the temperature increment vs current density curves for objects 
mounted on an electrolytic copper specimen grid for different bombarded circle 
radii. Curve 1 characterizes the case of arrangement 1 in the insert sketch (40 
. radius probe centered on an opening in the metallic grid); curve 2 is for the 
case identified by 2 in the insert sketch. Curves 3 & 4 were obtained for r = 
= 160 » and r = 800 yn, respectively; the beam potential in all cases was 70 kv. 
In the experiments with a grid the temperature is stabilized only after about a 
minute, rather than instantaneously as in the case of films mounted directly on 


Ss a 


a diaphragm with a large aperture. 
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The slow rise and fall of the temperature in 
the case of grid mounting is explained by the fact that the heat capacity of the 
grid is appreciably higher than the heat capacity of condensed layers. The points 
represented by squares in Fig.6 give the temperature values for an electrolytic 
copper grid calculated by Leisegang*, 

Ordinarily for observation of images with a magnification from 10 000 to 
30 000 X on the fluorescent screen of an electron microscope one must have a cur- 
rent density on the object of the order of 1071 amp/cm2, As our measurements 
show, the temperature increase of the object (metallic layer 800 A thick) attains 
20° at a magnification of 10 000 X and 50° for a magnification of 30 000 xX, if 
there is a protective diaphragm with a 40 » radius aperture above the object. If 
there is no such protective diaphragm the temperature increment attains 200° at 
a magnification of 10 000 X. Thus use of a protective diaphragm above the object 
or a two-lens condenser designed to limit the bombarded area on the object ef- 


fectively reduces the object heating, i.e., lowers the object temperature by an 
appreciable factor. 
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SOME ASPECTS OF INVESTIGATION OF HIGH-MOLECULAR COMPOUNDS BY MEANS OF 


ELECTRON DIFFRACTION 
- I.G.Stoyanova & A,L. Zaides 


In view of the distinctive structural features of high-molecular compounds, 
on the one hand, and the specific characteristics of electron diffraction instru- 
ments, on the other hand, in many cases such compounds are not readily suscepti- 
ble of investigation by means of electron beams. The principal factors influenc- 
ing the diffraction pattern are the following: 

1. Investigations by means of electrons require a high vacuum which results 
in dehydration of the specimen. Yet water is an integral part of the structure 
of many high-molecular substances. Foremost among such substances are biological 
specimens, removal of water from which by evaporation often results in alteration 
of the structure. Thus, for example, it is well known that completely desiccated 
gelatin and collagen yield amorphous diffraction patterns, while in the patterns 
of air-dry gelatin and collagen there are present a number of crystal type inter- 
ferences. Hence the deleterious effect of high vacuum can be avoided only by ob- 
serving the specimens in a medium containing an adequate amount of water vapor. 

2. The experimental results are also affected by the specific structure of 
high-molecular compounds. Most of these substances consist of long chains com- 
prising structural elements - pattern groups - which repeat at regular intervals 
over the full length of the chain. For example, cellulose consists of chains of 
B-glucose; fibrous proteins (wool, collagen, silk, etc.) consist of polypeptide 
chains. Generally, however, the packing of the structural elements of polymers 
is distorted as compared with the packing that would exist for these elements in 
a regular system. The character of the distortion depends on the degree of flexi 
bility of the chain. The presence of the greatest distortions in the structure 
of polymers are evinced in diffraction patterns by a sharp drop in the intensity 
of interferences with increase of the scattering angle. 2 Because of such distor- 
tions coherence is retained only for systems with relatively closely spaced ele- 
ments. These characteristics of polymers are evinced in the diffraction patterns 
wherein in addition to sharp interference spots associated with ordered regions, 
there is observed a diffuse pattern, the nature of which depends on a number of 
factors. If the number of ordered regions is relatively small, the diffuse back- 
ground due to different types of distortions frequently obscures the crystal type 
interference maxima. In such cases to bring out the ordered regions one must 
sharply reduce the diffuse background. This can be realized by decreasing the 
thickness of the film and the diameter of the irradiated area. At the same time 
the number of scattering centers must be sufficiently high to obtain a reasonably 
intense interference pattern. Accordingly, in practice one must choose a film 
thickness that would satisfy both these conditions. The diffuse background can 
also be reduced by increasing the beam potential, which changes the intensity 
ratio of the interference spots and the background. This influence of the ac- 
celerating potential is illustrated by the three diffraction patterns reproduced 
in Fig.1; these were obtained with three different values of the accelerating | 
potential from the same specimen containing both ordered and disordered regions. 

3. In view of their specific structural attributes, high-molecular compounds 
are generally susceptible to the influence of ionizing radiation. The influence 
of ionizing radiation is particularly clearly evinced in the case of electron dit 
fraction studies. In this respect, the electron microscopic method is less sensi 
tive. However, Menter3 and Neider? have demonstrated the possibility of observ- 


ing the crystal lattice in electron microscope images and their work opens a 
promising approach. 
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a 6 C 


Fig.l. Diffraction spectra obtained at accelerating potentials of 45 kv (a), 72 
kv (b) and 84 kv (c). 


In electron diffraction studies of high-molecular compounds there are often 
observed changes in the interference pattern with lapse of time, i.e., during 
bombardment of the specimen. Such changes have been observed in investigations 
of ramie>, guttapercha® and other substances. Even polyethylene, which contains 
a relatively high number of ordered regions, yields electron diffraction patterns 
with three amorphous rings after prolonged bombardment. ’ 

Changes in the electron diffraction pattern in the course of observation can 
be produced both by heating (as a result of transformation of part of the electron 
energy loss into heat) and directly by the electrons acting as a source of ionizing 
radiation. 

One can judge of the thermal effect from changes in the shape, relief and 
character of the electron microscopic image. Detection of the influence of ioniz- 
ing radiation from the microscopic image is considerably more difficult. The fact, 
however, that changes in the diffraction pattern occur with time gives reason to 
infer that these changes are not connected with the heating effect of the elec- 
tron beam inasmuch as the temperature of the specimen usually attains a stable 
value almost instantaneously. Consequently, the changes observed in the diffrac- 
tion pattern with lapse of time are due to the cumulative effect of the electron 
beam as a source of ionizing radiation. Experiments show that resistance to the 
effect of radiation depends on the degree of ordering and the chemical structure 
of the given high-molecular compound. Thus, polyethylene is resistant to radia- 
tion and requires a rather heavy dose to show evidences of destruction. The de- 
structive dosage for cellulose is appreciably lower and for proteins is minimal. 
In view of this probably the clearest and most convincing evidences of the influ 
ences of radiation may be obtained in investigating protein. 

We investigated the ionizing effect of electrons on the fibrillary protein, 
collagen, extracted from hides and tendons of cattle. The thermal effect of the 
electron beam was excluded through the use of bombardment conditions under which 
the temperature of the specimen did not exceed 30°, The temperature was measured 
directly in the instrument.® The results showed that the electron diffraction 
patterns of collagen change with time under the influence of electron bombardment. 
The initial diffraction pattern is unstable; it goes through an intermediate state 
and transforms to an amorphous pattern (Fig.2). The entire transition process oc- 
curs within 20-30 sec. This may explain why there are no data on electron diffrac- 
tion of collagen in the literature. These changes in the structure of collagen 
are not evinced in electron microscopic investigations and small BORELOe Ane angle 
x-ray diffraction studies. It is evident from the work of Perron & Wright”, 
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Fig.2. Successive electron diffraction patterns of collagen. 


however, that although no change is apparent in the x-ray diffraction patterns, 
the properties of irradiated collagen differ from those of the nonirradiated 
material. After irradiation the collagen fibers become soluble in water, which 
is indicative of the rupture of chemical bonds under the influence of electron 
bombardment. 

The influence of ionizing radiation on the structure and properties of high- 
molecular compounds in different states has been studied repeatedlyl9, There 
are indications that some high-molecular compounds exhibit a sol-gel change under: 
the influence of x-radiation. This is indicative of the formation of cross link- 
ages in the structure of the given high-molecular compound, 11 

In addition to formation of additional linkages there may also occur break- 
up of extant bonds under the influence of radiation. Thus some high-molecular 
bompounds are known to liberate hydrogen when irradiated.10,11 his is obvious 
evidence of change in chemical composition. In general, the resistance to radia= 
tion damage depends both on the structure (number of hydrogen and other bonds) 
and on the chemical composition of the compound. Khenok & Lapinskayal2 report 
that amino acids of the aliphatic series readily break down under irradiation, 
the destruction occurring more readily in acids with longer chains. These author 
investigated the effect of radioactive cobalt on glycine, alanine and leucine and! 
found that in this series glycine is most susceptible to radiation damage. In 
addition, they established that amino acids with aromatic rings are also highly 
susceptible to irradiation. Little!3 found that hydrogen and ether bonds readily 
break up under the influence of electron bombardment. 

Collagen is supposed to have a large number of hydrogen bonds as well as a 
certain number of ether bonds which, presumably, stabilize the structure and make 
collagen insoluble in water. As regards chemical composition, collagen contains 
an appreciable number of different aliphatic and aromatic amino acids; reportedly 
glycine accounts for up to 27% of the total amino acid content. Hence collagen 
both as regards chemical composition and structure should be unstable under ir- 
radiation. It is interesting to note the formation of an intermediate state, il- 
lustrated in Fig.2,b. This would indicate that not all the bonds are ruptured 
simultaneously. This assumption is plausible since collagen contains a number of 
different types of bonds, the formation energies of which undoubtedly differ. 

Thus, the results of detailed investigation of the changes in the structure 
of high-molecular compounds under the influence of electron beams leads us to 
conclude that in electron diffraction studies of these compounds one must take 
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appropriate measures to obviate changes in the specimen in the process of investi- 
‘gation. If such measures are taken,it should be feasible to bring out a greater 


number of structural details than in the case of x-ray diffraction studies, using 
for example Cu Kq radiation 


Conclusions 


In investigating high-molecular compounds b 
it is important to 


a) reduce the heating effect by limiting the area exposed to electron bom- 
bardment; 

b) reduce radiation effects by minimizing the intensity of bombardment; 

c) increase the accelerating potential in order to decrease the intensity of 
the diffuse background; 

d) choose the specimen thickness so as to obtain the optimum intensity ratio 
of the interference maxima (spots) to the background. 

Electron diffraction studies allow of obtaining a more detailed picture of 


the structure of high-molecular compounds than do x-ray diffraction techniques, 
although both methods complement each other. 


y electron diffraction techniques 


References 


1. J.Katz & J.Derksen, Recueil trav.chim., 51, 513 (1932). 

2. A.L.Zaides & S.I.Sokolov, Stroenie i fiziko-khimicheskie svoistva kauchka, 
kollagena i proizvodnykh tsellyulozy (Structure and physical-chemical properties 
of rubber, collagen and cellulose derivatives), p.141, M., 1937. 

3. J.W.Menter, in Proceedings of the Stockholm Conference on Electron Micro- 
scopy, p.88, Sept., 1956. 

4. R.Neider, Ibid., p.93. 

5. A.L.Zaides & I.G,.Sinitskaya, Doklady AN SSSR, 80, 213 (1951). 

6. B.V.Deryagin & N.A.Krotova, Adgeziya (Adhesion), p.240, M., 1949. 

7. A.L.Zaides & I.G.Stoyanova, Doklady, AN SSSR, 107, 711 (1956). (Trans. 
Soviet Physics - Doklady.) 

8. I.G,.Stoyanova & M.E,Belavtseva, Investor's Certificate No.113814, 1957. 

9. R.Perron & B.Wright, Nature, 166, 863 (1950). 

10. K.Simcha & L.Wall, J.Phys.Chem., 61, 425 (1957); V.Karpov & L.Zverev, in 
rabot po radiatsionnoi khimii (Collected reports on radiation chemistry) , 1955. 

11. T.,Callinan, J.Electrochem.Soc., 103, 292 (1956). 

12. M.A.Khenokh & E.M,Lapinskaya, Doklady AN SSSR, 104, 746 (1955); Ibid. , 
110, 125 (1956). (Trans. Soviet Physics - Doklady.) 

13. K,Little, Proceedings of the Third International Conference on Electron 
Microscopy, London, 1956. 


- 756 = 


ON OBTAINING IMAGES WITH PULSED OPERATION OF A HIGH RESOLUTION EMISSION MICROSCOPE; 
- E,M,Dubinina, G.V.Spivak & I.A, Pryamkova 


The emission electron microscope technique is a very effective one for in- 
vestigating the emission distribution over the surface of cathodes in steady- 
state operation. It is, however, also of interest to observe the pattern of 
emission under pulse conditions in view of the fact that there are many electron=> 
ic devices in which pulsed emission is employed. Unfortunately, certain diffi- 
culties are encountered in electron microscopic investigations of pulsed cathodes} 
Foremost among these are the low intensity of the image on the screen, particular- 
ly in the case of short (<1 microsec) pulses. 

It is a familiar fact that the character of operation of an active cathode 
depends to a substantial degree on the electric field at its surface. Hence it 
is expedient to carry out emission studies under conditions equivalent to the 
actual operating conditions of the cathode, i.e., to insure "operating condition" 
potential gradients at the cathode surface. Inasmuch as the resolution of the 
image obtained in an emission microscope also depends on the strength of the elec- 
tric field at the cathode (it increases with increasing field strength), it turns' 
out that one can obtain good resolution under operating conditions only in a few 
particular cases. An exception here are electron optical image converters in 
which the operating conditions are the optimum ones for obtaining a clear image 
of the photocathode. Thus the procedure employed in obtaining the emission image) 
of the cathode surface affects the character of this image both in the case of 
steady-state and in the case of pulsed operation. 

We note that in obtaining pulsed emission images of cathodes, a substantial 
role is played not only by the peak amplitude of the field at the cathode but al- 
so by the shape of the pulse. As experiments carried out with a glass model emis- 
sion microscopel have shown, the resolution of the immersion objective deterio- 
rates with increase of the pulse rise and fall times, which is to be expected 
since with increase of the rise time the influence of the initial velocity spread 
increases. 

In our work pulsed operation of the immersion objective of the glass model 
microscope was realized by applying square high voltage pulses to the anode of 
the objective. Within the range of magnifications and resolutions obtainable in 
a glass model microscope, the quality of the image with pulse operation was the 
same as with steady operation provided the peak pulse amplitude was equal to the 
steady voltage. It was established that the pulse rise (and fall) time should 
not exceed 0.15-0.2 microsec. 

To check this for higher useful magnifications we used an ESM-50 commercial 
electrostatic microscope in which the illuminating unit was replaced by an immer- 
sion objective with planar electrodes. The maximum magnification of such an ob- 
jective with an anode voltage of 25 kv was of the order of 150 X. In contrast to 
the glass model experiments, in work with the electron microscope, pulse condi- 
tions were realized by applying positive square pulses to the Wehnelt cylinder of 

the immersion objective 


Fig.l. Block diagram of in which the beam was 


electron microscope set- 
up for obtaining pulsed 
operation cathode in- 
ages: 1) oil potentio- 
meter, 2) square pulse 
generator, 3) trigger 
generator, 4) high volt- 
age rectifier, 5) micro- 
scope, 6) phase shifter, 


normally cut off by a 
constant negative bias. 
The pulse amplitude to- 
gether with the negative 
bias equalled the voltage 
for a focused image. A 
block diagram of the ar- 
rangement is shown in 
Fig.l. 
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An oil potentiometer (1) was used 
for blanking the electron beam. The volt- 
age difference on the Wehnelt cylinder 
from the image focusing value to the cut- 
off value was about 500 v with an acceler- 
ating potential of 20 kv. This voltage 
difference determined the minimum ampli~ 
tude of the positive square voltage puls- 
es unblocking the beam. These pulses 
were formed by a special generator (2). 
The pulse repetition frequency was con- 
trolled by a standard 104-I trigger 
generator. 

Inasmuch as the most interesting 
Fig.2. Images of oxide coated cathode; subjects for pulsed operation studies are 
300 X: a) steady operation, b) pulsed active cathodes, we obtained images of 
operation. oxide coated and L-type (porous metal 
film) cathodes. Typical images of an oxide coated cathode 
obtained under steady and pulsed conditions are shown in Fig. 
2. It was found that the quality of the pulsed operation 
image does not differ from the quality of the image obtained 
with steady emission. In the case of cathodes prepared with 
a coarse grain oxide paste the magnitude of the surface in- 
Fig.3. Image of L- equalities attains 1-2 uw and hence magnifications above 200 x 
cathode in pulsed are no longer useful.2 In the case of cathodes with rela- 
operation; 2200 X. tively smooth surfaces, as for example, L-cathodes, it is 

worth using higher magnifications. For such cathodes we in- 
troduced a second stage of magnification, namely, an electrostatic lens the mid- 
dle electrode of which was a 1 mm thick diaphragm with a 3 mm diameter aperture. 
The potential on the diaphragm-electrode could be varied continuously from the 
potential of the anode to the potential of the focusing electrode. With this ar- 
rangement we obtained pulsed operation images of L-cathodes with an electron opti- 
Cal magnification of 2200 X. As will be evident from Fig.3, the contrast of the 
emission image is adequate. 

The results of our experiments indicate that it is feasible to obtain emis- 
sion microscope images of cathodes under pulse operating conditions. In comparing 
images of cathodes obtained under steady and pulsed conditions, we could detect 
no significant differences, except, of course, in the brightness of the image; 
in other words, no new centers appear in the case of pulsed operation. 

The fact that one can obtain a good quality image under pulsed operation 
with a relatively high magnification suggests that one can make use of pulsed 
operation not only simply for investigation of surface emission but for obtaining 
a series of photographs illustrating the successive stages of periodic processes 
on the cathode. Thus, for example, it is known’ that by electron optical methods 
one can observe the domain structure of ferromagnetic and ferroelectric materials. 
It would be of obvious interest to investigate the variation of the domain struc- 
ture of a ferromagnet with variation of the magnetizing field at high frequencies. 
To do this one need only arrange to have the voltage pulses applied to the modu- 
lator unblock the electron beam only at a given phase of the "alternating process. 
The resolution in time will depend on the relative duration of the pulse relative 
to the period of the investigated effect. 

We assembled such a “stroboscopic” set-up. To this end we provided synchro- 
ltaee pulses and the periodic process on the cathode. 
tion between the square voltage p 


niza 
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By means of the phase shifter (6 in Fig.1) one could trigger the generator with 
any desired phase shift relative to the synchronizing voltage producing the peri- 
odic effects on the cathode. Unfortunately, at the time of testing the "strobo- | 
scopic’ set-up we did not have any suitable specimens from which one could obtain | 
images of the domain structure with high resolution and thus investigate the in- 
fluence of rapidly varying magnetization. Lacking such specimens, we had to use 
a filamentary oxide coated cathode with a very thin nickel base, which was heated 
with alternating current. 

We obtained images of oxide coated and L-cathodes in pulsed operation with 
phase shifts from 0 to x/2 of the "image" pulse relative to the alternating heat- 
ing voltage, i.e., images corresponding to the maximum and minimum cathode tem- 
peratures. The pulse duration was 2 microsec. Owing to the inertia of the heat- 
ing process we could detect only weak variation of the beam current, indicating 
that the set-up was operating properly; the images, as might have been expected, 
were virtually identical. 


Physics Faculty, 
Moscow State University 
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ACCURACY OF RENDITION OF POTENTIAL DISTRIBUTION BY THE ELECTRON OPT ICAL 
SHADOW TECHNIQUE 


- L.N.Malakhov & Yu.V.Vorob'ev 


In the electron optical shadow procedure! for observation of electromagnetic 
fields in the vicinity of a specimen and on its surface use is made of the shadow 
image of a grid mounted near the focal plane of the objective lens. One of the 
fundamental problems involved in employing this procedure is that of interpreta- 
tion of the results of observation and determination of the field at the speci- 
men from the distortions of the grid shadow. In their work, Marton and his co- 
workers!-3 investigated methods of interpretation in studying magnetic fields in 
the vicinity of the specimen. They considered electrostatic fields only for some 
particular cases. Below we shall consider the possibilities of the shadow method 


for investigating the distribution of electric potential over the surface of a 
specimen. 


1. Relation between deflection of the electrons in the object field and 
the distortion of the grid shadow image 


The experimental arrangement is diagramed in Fig.l. A parallel electron 
beam falls on the object behind which is the electron lens L that forms an image 
of the object on the screen. Behind the focus of the lens there is a fine mesh 
screen, the shadow of which is superimposed on the image of the object. 


Fig.l. Diagram of experimental arrangement. 


When there is a potential on the object, the electrons passing near it are 
deflected by the electric field with the result that the shadow image of the 
grid will be distorted. It can readily be shown that the magnitude of the dis- 
placement of a given point of the screen image for sufficiently high magnifica- 
tions will be given by the formula 


2 
Ape oF MM, (1) 


where a is the angle of deflection of the electrons by the object field, / is ai 
focal length of the lens, «a is the distance between the focus of the lens and the 


rid and M is the magnification. 
: The angle of deflection of the electrons is determined by the distribution 


of the electric field in object space. 
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2. Determination of the electric field in the vicinity of the object 


We shall restrict our consideration to one type of object, namely, an in- 
finite wedge (Fig.2). First we shall find the potential distribution in the 
case when this wedge consists of two conducting 
halves separated by an infinitely thin plane perpen- 
dicular to the wedge edge. 

Let us assume for the sake of simplicity that 
there is a double electric layer of constant density 
in the separation plane. We choose the coordinate 
axes as shown in Fig.2; then the potential distribu- 
tion in space will be characterized by 


cos © 
V (a, Y, Z) med || Se ds, (2) 
Ss 
where S is the part of the separation plane between 
the two halves of the wedge and uw is the dipole densi-: 
Fig.2. ty. 

Transforming to polar coordinates (z=/rcos9, 
y=rsing and z=z) and integrating, we obtain 
224 72 
[2 | 


VD 2)=— £4 fare tan | tan (7 =a) | — 


ine (3) 
—are tan [dese tan (—1—a) |}— #2 fare tan [Ter sin (ry —a)] + arc tan er sin(r +a}. 


If the angle , is small, for the potential distribution in the y= 0 plane 
we can write 


(4) 


V@, y= | Vit 5— 


(here H is chosen so that the potential discontinuity at the point z = 0 at the 
edge will be equal to unity). The potential distribution curves calculated by 
means of Eq. (4) are plotted in Fig.3. 

V/z,2) 


as 


Q4 


Fig.3. Potential distribution curves calculated according to Eq. (4) 
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Fig.4. Fig.5. Potential distribution curves calculated 
according to Eq. (7). 


We now turn to a more general case when the change in potential occurs in a 
finite layer of thickness 2/ (Fig.4). We assume that the potential distribution 
along the edge in the region from -—/ to +/is described by a continuous and dif- 
ferentiable function g(z) and that for all other z the potential is constant and 
equal to + 1/2 for 7<—/ and to —/, for z> +. 

It can readily be shown that with such a potential distribution the field in 
space will be described by a formula of phe form 

+ 
U(x, y, )=— \V (uy, 28g’ ae, (5) 
—I 
where V(z, y, Z) is the discontinuity potential.3 
In the case when g(z) is a linear function, the potential U(z,z) in the y= 


= O plane for small y will be described by 
+1 


= 4 z—e& / 2 = 
U (z, ae j [2 =| | 1+ GH 


=24| ae. (6) 
aii 


Integrating and introducing the dimensionless variables f=— and C=-) we 
obtain 


UG )=—4 [VOTE FEV Fe + 
[él C= wr lVier or Te—lell Weare en, (7) 
Foe IV eee et LEV C1 + BE 


The potential distribution curves calculated by means of Eq. (7) are shown 
in Fig.5. 
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3. Accuracy of the shadow method 
eC ee es 


Knowing the electric field distribution in the vicinity of the object we 
can calculate the electron deflection angles a and B in the directions of the z 


and Zz axes, respectively. 
In the range of small deflections these angles are given by 


-+0o +co 
Ou aAY. \ Ou a 

\ 3n OY and 8 =A 

where V,) is the accelerating potential and AV is the potential difference applied | 

to the object. We omit the intermediate calculations and give the final result; 

in the case of a potential discontinuity at the wedge, a will be given by 


AV 


a= De 


x 
apna ele fi (ee (8) 
WW NN V1 " ce 
z2 
As will be evident from 
a (8,6) Eq.(1), «(z,7) characterizes 


the displacements of a strip 
of the grid, the shadow image: 
of which is parallel to the 
image of the edge of the ob- 
ject in the direction perpen- 
dicular to it. Similar cal- 
culations were carried out 
for the case of a linear de- 
crease of the potential in 
the —/ to +l interval. The 
character of the distortions 
of strips of the grid paral- 
lel to the edge of the object 
are shown in Fig.6. 

The angles of deflection 
in the direction of the z 
axis can be calculated in a 
Fig.6. Similar manner. 
Calculations, the full 


details of which we omit here, show the following: 

1. For the case of linear decrease of the potential in the —/ to 4/ interval 
the distortion of a strip of the grid parallel to the edge of the object, the 
shadow image of which is located at a distance of 0.2-0.3/ from the image of the 
object, renders the potential distribution over the object with good accuracy. 

2. One cannot judge of the character of the potential distribution over the 
object from the distortion of the grid strip if the shadow image of this strip is 
located at a distance of / or more from the shadow image of the object. 
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APPLICATION OF THE ELECTRON-OPTICAL SHADOW TECHNIQUE TO INVESTIGATION OF 
GERMANIUM p-n JUNCTIONS 


- L.N.Malakhov, V.N.Vertsner & A. A. Lebedev 


The pec ouson-op tical shadow technique was originated in 1949 by Marton & 
Lachenbruch*+. The procedure was first applied to the investigation of semicon- 
ductors by Vavilov?. In the present work, which is a continuation of our earli- 
er research?, we applied the procedure for observation of the voltage drop zone 
in germanium p-n junctions. 

The experimental arrangement is described in Ref.4 (the preceding article), 
where we show (Eq.(1)) that the displacement AH of the grid image points depends 
on the distance between the focus of the lens and the shadow-casting grid. Hence 
in our apparatus the grid was mounted in a special holder with provisions for dis- 
placement along the optical axis which, in turn, made it possible to vary the 
sensitivity of the set-up. In view of the large size of the investigated speci- 
mens and the need for longitudinal displacement thereof we used a long focus ob- 
jective lens. On the other hand, the use of a long focus objective enhances the 
sensitivity to electric fields.4 The electron accelerating potential in the ap- 
paratus was 50 kv. It is known that the magnitude of the electron deflection in 
the case of a constant potential on the object decreases with increase of the ac- 
celerating potential. Hence to obtain adequate sensitivity one must insure a 
sufficiently high magnification of the displacements of the shadow image of the 
grid, which, in turn, is connected with the sharpness of the grid image. 

The sharpness of the grid image in our apparatus was such that one could use 
useful magnifications of the order of 200-300 X; these were realized by means of 
a projector lens. This made it possible to detect grid image displacements as- 
sociated with a potential difference of 0.3 v. The apparatus provided for ob- 
taining images of the object with a resolution of 0.1-0.2 . The electron opti- 
cal magnification could be varied in steps from 250 X to 1000 X. 


Experimental results and interpretation 


The specimens were prepared from germanium 
single crystals with p-n junctions, produced by the 
pulling technique. The single crystals were reduced 
by grinding and polishing to the form of a wedge- 
shaped triangular prism with the p-n junction zone 
located approximately in the center of the prism 
and perpendicular to the edge (Fig.1). Contacting 
electrodes were applied to the end faces, after 
which the specimen was carefully etched to remove 
all defects produced by the mechanical treatment 
(grinding & polishing). The specimen was then mount- 
ed in a special holder in the stage of the micro- 
Fig.l. Diagram of specimen: scope so that the edge of the prism was located in 
1 & 2) electrodes, AA) axis the object plane of the objective. The shadow- 
of microscope. casting grid was oriented so that the image of the 
grid strips on the final screen would be parallel 


he specimen. 
- ae ee = the blocked direction applied to the specimen, from the 
displacement of the grid strips one could determine the location of the hati 
drop zone. To enhance the accuracy of determining the grid image anaes s 
we used the "differential photographs" technique, i.e., recorded images o e 
distorted and nondistorted grid on the same photographic plate. 
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Calculations showed that the distortion of a grid strip parallel to the edge! 
of the specimen renders with adequate accuracy the potential distribution on the 
surface of the specimen only when the shadow image of the strip is distant from al 
the object image by an amount less than the half-width of the voltage drop zone. 
Hence for observing the potential drop it is important to have some means of 
evaluating the width of the voltage drop zone so as to be able to determine the 
approximate accuracy with which the distortion of the grid strips renders the 
true potential distribution on the surface of the specimen. 

In the first approximation the investigated specimen may be thought of as 
consisting of two halves of an ideal conducting wedge separated by a thin insu- 
lating layer. To these half-wedges one can apply a symmetrical or nonsymmetrical | 
(relative to the ground) voltage, with a resulting voltage differential over the 
insulating layer. In the case of a symmetrical voltage the electrons moving near: 
the negatively charged half-wedge will be repelled from the wedge, while the elec: 
trons moving near the positively charged half-wedge will be attracted to it. Ac-: 
cordingly, the image of the grid strip parallel to the edge of the specimen will 
be shifted to one side or the other relative to its initial position. 

The point of intersection of the field-distorted image of the grid strip 
with its initial image will in this case correspond to the center of the voltage 
drop zone. This point, if it is located at a small distance from the edge of the: 
object image, will correspond to the point on the surface of the specimen at whic} 
the potential changes from positive relative to the ground to negative. Hence, 
hereinafter, we shall refer to this point as the "zero point”. A zero point will. 
also be observed in the case of application of a nonsymmetrical voltage and in 
this case too will correspond to the point at which the potential changes sign. 
However, the position of the zero point in case of change in the degree of sym- 
metry of the voltage applied to the specimen will be different for the case of 
an extended potential drop zone as compared with the case when the potential drop: 
zone is not resolved by the shadow method. When the extent of the voltage drop 
zone is small, its length can be neglected and the zero point observed at the 
very edge of the object image will not change its position with disturbance of 
the voltage symmetry. In contrast, in the case of an extended potential drop re- 
gion the zero point will shift along the edge of the object with disturbance of 
the voltage symmetry. Thus by observing the sliding or shifting of the zero 
point one can evaluate the extent of the voltage drop zone, and knowing the de- 
gree of asymmetry of the potential for each position of the zero point, one can 
plot a curve characterizing the potential distribution over the surface of the 
specimen. 

The photographs of Fig.2 illustrate the shift of the zero point in the re- 
gion of the p-n junction with a potential of 80 v applied to the specimen. The 
displacement is measured from an arbitrary point on the surface of the specimen. 
Photograph a was ob- 
tained with a sym- 
metrical voltage on 
the electrodes, name- 
ly, -40 and +40 ev; 
photograph b with a 
nonsymmetrical volt- 
age, namely, -60 and 
+20 v. The zero 
point was observed at 


‘ a distance of about 
Fig.2. Variation of the shift of the zero point with the 1p (in the specimen 


degree of asymmetry of the voltage applied to the specimen. plane) from the edge 
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of the specimen. As will be evident from Fig.2 the shift resulting from applica- 
tion of the asymmetrical potential equaled 6 iu. 

If the shadow procedure resolves the potential drop zone, then from the dis- 
tortion of the grid strip nearest to the edge of the object image one can judge 
of the variation of the potential over the surface of the specimen in the vicinity 
of the barrier zone. To do this, one must obtain two photographs: one with a sym- 
metrical voltage and the other with an asymmetrical voltage on the specimen. The 
data on the shift of the zero point in conjunction with the calculated data allow 
of evaluating the extent of the zone and the degree of correspondence between the 
distortion of the grid strip nearest the specimen and the actual potential distri- 
bution over the surface of the specimen. 4 

Using the above described procedure, we carried out measurements of the width 
of the voltage drop zone on the surface of a number of germanium p-n junctions. 

It was found that the zone width decreases with increase of the voltage in the 
blocking direction applied to the specimen. In addition we carried out measure- 
ments of the zone width and its dependence on the applied voltage by the capaci- 
tance method, using the same specimens. Below we give the results of measurements 
by the two procedures for a specimen with an extended p=<n junction zone: 


Voltage, v 20 40 60 80 100 
Width of zone, yp (capacitance method) 17 20 .23.5 26 28 
Width of zone, » (electron-optical method) 18 22 -- 25 30 


The divergence between the capacitance and electron-optical data does not ex- 
ceed 10%, which is within the limits of measurement error for the shadow procedure. 
We desire to express our gratitude to Academician A,A.Lebedev for valuable 

suggestions and discussion of the experimental results. 
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MEASUREMENT OF THE SCATTERED ELECTRON INTENSITY AND ELIMINATION 


OF THE BACKGROUND IN ELECTRON DIFFRACTION STUDIES 
- G.O,Bagdyk'yants & A.G,. Alekseev 


The quality of the electron pattern in diffraction studies depends on the 
electron-optical properties of the imaging system and on the process of electron | 
scattering in the specimen. The last factor becomes increasingly important as 
the theoretical resolution of the instrument is approached. 

Quantitative data on the angular distribution of the scattered electrons 
and on the change in the electron energies as a result of interaction with the 
electrostatic potential of the particles comprising the investigated material 
are obtained primarily by photographic recording of diffraction patterns. Infer-- 
ences regarding the intensity distribution of the electrons are then drawn either ' 
on the basis of subjective visual evaluation of the blackening of the photograph- - 
ic plate or by the onerous procedure of converting the photometric curve point by’ 
point to an intensity curve. For such conversion one must know the relation (for '’ 
the given photographic plate) between the optical density and the intensity of 
the radiation producing it. In the wide range of blackenings encountered in elec- 
tron diffraction studies this relationship is complex; moreover, in the range of 
high densities the characteristic photographic emulsion curve flattens out so 
that increases in density above a certain level become unnoticeable. Hence it 
is desirable to have a method for more precise direct quantitative measurement 
of intensities in electron diffraction. Moreover, more detailed experimental re- 
sults in this field may serve as a stimulus for further development of electron 
scattering theory. 

Attempts to develop a method for direct recording of intensities have been 
undertaken by a number of investigators. Lennander! used a Geiger-Muller counter 
with a 0.5 x 0.2 mm2 slit covered with a 0.25 u thick collodion film for detect- 
ing the scattered electrons. Unfortunately, point by point measurement of a 
single diffraction pattern by this procedure requires three hours. Takagi & 
Suzuki? used Cds layers; this detector, however, suffers from inertia and fatigue. 

Pfister3 suggested using a layer of GaAs with a p-n junction with a 0.2 x 2 
mn slit mounted in front of it. Such a detector has an amplification factor of 
about 7000. In contrast to Lennander, Pfister obtained a continuous curve (rath- 
er than a series of points) and the recording time for a diffraction pattern was 
only 7 min. In all these measurements the electron detector was located in the 
image plane. 

The greatest difficulty encountered in direct intensity measurements is the 
low intensity at weak maxima (spots). According to our evaluations, the electron 
current density at diffraction spots that are still recorded photographically 
does not exceed the background current density by more than 10712 amp/em2, As- 
suming that the area of the scanned section of the diffraction pattern is 0.1 x 
O.1 mm, we find that at a weak spot the electron current entering the detector 
does not exceed 10716 amp over the background current. Hence one must employ a 
highly sensitive detector. 

We used the detecting-recording equipment diagramed in Fig.1l,a in conjunction 
with an EM-4 electron diffraction camera.“ The section of the diffraction patterr 
to be measured was defined by a ~0.1 mm diameter aperture mounted in front of a 
highly sensitive detector, the output of which was connected through a de ampli- 
fier to a recording voltmeter. The diffracted image was swept relative to the de- 
tector by means of a pair of deflecting plates, the variation of the voltage on 
which was synchronized with the travel of the voltmeter chart. Thus the final 
record is a continuous curve of scattering angle vs scattering intensity. Such 
a curve for a polycrystalline NaCl specimen is reproduced in Fig.2,a. 
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By way of a detector we 
used a VEU secondary~electron 
multiplier.° The multiplication 
factor of the freshly activated 
VEU with a supply voltage of 3.6 
kv is about 109. After a month's 
operation in conjunction with the 
fM-4 electron diffraction camera, 
the multiplication factor fell 
off by two orders of magnitude 
and thereafter remained constant. 

The multiplier operated in 
a stable manner even after re- 
peated contact with the atmos- 
phere. The deflecting voltage 
(up to about 1100 v) for the maxi- 
mum deflection angle correspond- 
ing to (sin 6)/ = 0.8 was taken 
off a liquid potentiometer, the 


Fig.l. a - Diagram of detecting-recording movable contact of which was 
equipment; b - same but with electron filter. driven by a synchronous motor. 

1) Electron beam, 2) specimen, 3) deflecting The full range of voltage change 
plates, 4) vacuum column, 5) diaphragm, 6) from 0 to 1100 v, the variation 
electron filter discriminating incoherently being virtually linear in time, 
scattered electrons, 7) secondary-electron occurs over a period of 5 minutes; 
multiplier, 8) de amplifier, 9) EPP-09 re- this, therefore, is the time re- 
cording voltmeter. quired for recording a complete 


angle vs intensity curve. 

Some of the characteristics 
of the recording equipment are 
shown in Fig.3. The intensity 
fluctuation characterized by 
curve a is due primarily to in- 
stability of the emission current 
and to the ion current inevitable 
in a vacuum inferior to 1074 mm 
Hg. Hence use of the described 
procedure requires careful stabil- 
ization of the emission current 
or, at any rate, supplying the 
electron emitting filament from 
a storage battery and imposes 
exacting requirements on the 
a vacuum in the instrument. 


««Fig.2. a - Integral electron 
scattering intensity curve re- 
corded for a polycrystalline NaCl 
specimen; b - intensity curve for 
the same specimen but with the 

d incoherently scattered electrons 
filtered out. 
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The time required to record an 
intensity distribution curve (5 min) 
is determined primarily by the time 
constant of the recording instrument 
(in the described equipment we used 
an EPP-09 recording voltmeter with a. 
carriage travel time of 2.5 sec). 

In contrast to the photographic 
recording technique, the described 
ees: method allows of determining the in- 
Fig.3,a - Intensity fluctuations recorded tensity of the primary beam, the in- 
without “aging’’ of the electron diffrac- tensity of the scattered radiation 


tion camera; b - intensity fluctuation over the entire range of scattering 
after aging of the camera. The dark cur- angles and the intensity at reflec- 
rent equals ~5% of the intensity. tion spots (both the integral intensil 


ty at each spot and the intensity 
distribution over the peak contour). 

Our procedure also has the advantage that in employing it one can discrimin-— 
ate the background due to incoherently scattered electrons and measure only the 
intensity of the coherently scattered electrons forming the diffraction maxima 
(spots). For discriminating the incoherently scattered electrons in photograph- 
ic recording Boersch® suggested installing a fine metallic screen in the path of 
the divergent electron beam after the specimen and applying a retarding electric 
field to this screen. This method is not of much practical value inasmuch as the 
use of a filter in the form of a screen in conjunction with photographic record- 
ing has the disadvantage that the screen extends over the entire divergent beam 
so that a shadow image of the screen is superposed on the diffraction pattern. 

In our case,for filtering out the incoherently scattered electrons we intro- 
duced an electronic filter with a retarding field in front of the detector; this 
filter consists of two grounded outer aperture diaphragms and one inner aperture 
with high voltage insulation to which a small potential relative to the cathode 
is applied (Fig.1,b). 

The first filter aperture with a diameter of about 0.1 mm (like the aper- 
ture diaphragm in the original arrangement shown in Fig.l,a) selects a small sec- 
tion of the diffraction image. The retarding field between the first and second 
apertures stops all the electrons in this section of the diffraction image that 
have lost velocity as a result of scattering and passes all the coherently scat-— 
tered electrons. These pass through the second aperture with thermal velocities 
and are again accelerated by the electrostatic field between the second and third 
apertures. A filter of this type does not distort the intensity distribution of 
the coherently scattered electrons. 

Curve b in Fig.2 shows the intensity distribution of scattered electrons fro 
NaCl with the incoherently scattered electrons filtered out by the above describe 
arrangement. By applying different retarding potentials to the high voltage elec 
trode of the filter one can record scattering angle vs intensity curves for elec- 
trons scattered with different energy losses. 

We desire to express our gratitude to A.A,Lebedev for his interest in the 
work and discussion of the results. 
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ELECTRON MICROSCOPIC INVESTIGATION OF THE INFLUENCE OF THE CONDITIONS OF 
PREPARATION OF LITHIUM GREASE ON ITS MICROSTRUCTURE 
- A.A, Trapeznikov, G.G.Shchegolev & I. I. Astakhov 


Lithium base greases, i.e., greases prepared of a mixture of lithium soap 
and oil, are gaining increasing acceptance owing to their advantages over other 
soap-thickened lubricants. The properties of the grease depend on, to a substan- 
tial degree, the cooling conditions of the isotropic solution of eon in oil. 
There have been only a few investigations1!~4 of the influence of the cooling pro- 
cedure and it would appear that in some of these studies the cooling conditions 


employed did not provide fully adequate conditions for crystallization of the 
soap. 


Samples and experimental procedure 


The cooling conditions employed in our work favored more uniform conditions 
of formation of structure, which is what made it feasible to determine its charac- 
teristics by electron microscopy. Cooling of the 10% isotropic solution of lithi- 
um stearate in medicinal vaseline oil was realized in two steps. Initially the 
solution (at 230°), contained in a flat narrow section of a specially designed 
cell®,was cooled by immersing the cell in a liquid thermostat to a temperature tj 
(first stage of cooling) and held at this temperature for a certain time for the 
formation of structure. This was followed by the second stage: the cell was trans- 
ferred to a container with melting ice, where the grease was cooled to to = 0° 
and held at this temperature for 30 min. Then the structural strength of the 
samples was determined by the method of a tangentially displaced plate in a de- 
vice specially developed for this purpose.® Inasmuch as the principal variable 
was the first stage temperature t,, hereinafter we shall use this to designate 
the cooling conditions. 


P The variation of the "yield point" Py, with the 
ifs temperature t, is shown in Fig.l. As will be evident 
from the figure, Py, goes through two minima, the posi- 
40 tions of which in the temperature scale lie at t, = 
= 85° and 170°, and one maximum at t, = 130°. 
35 Electron microscopic investigation of grease 


samples corresponding to different points on the P, 


ha vs tj curve disclosed that the shape and size of the 
soap fibers depend on the cooling conditions of the 
i isotropic solution. The specimens for examination 
20 were prepared as follows. A few drops of a highly 
dilute (~1%) suspension of the grease in aviation 
15 grade (B-70) gasoline were spread on a collodion 
9 40 80 120 160 200 ty," £41m mounted on a specimen grid. The oil remaining 
Fig.1. Variation of the after evaporation of the gasoline was removed by re- 
yield point P, (in g/cm) peated washing with pure gasoline. The specimens 
of the grease with the prepared in this manner were then shadowed with chrom- 
temperature t, of the ium or platinum (casting angle 30-40°) and examined 
first stage of cooling of in an UEM-100 electron microscope at a beam potential 
the isotropic lithium of 60 kv. The micrographs were recorded at an elec- 


soap-oil solution. tron microscopic magnification of 10 500 xX. 
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Fig.2. Electron micrographs of lithium soap fibers from greases obtained under 
different cooling conditions. 


(continued next page) 


- 771 - 


Fig.3. Electron micrographs of lithiun 


soap fibers from greases containing 
pelargonic acid. 


Fig.2. continued. 
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Influence of temperature conditions 
Pantset athletic lec Redd Ale elfen iad Lok EN EEE 


In the case of rapid and direct cooling of the isotropic solution from 230° 
to 0° C (t, = 0°) there form irregular rod-like particles (Fig.2,a) approximate- 
ly 0.1 yp wide and varying in length from 0.7 to 1.5 uw. In addition tO these 
larger particles there are discernible in the micrograph smaller particles having 
about 1/10 the length of the former. These small particles appear as either in- 
dividual, separate formations or as appendages of larger particles, presumably, 
united to them and oriented at different angles. . 

Apparently, particles of approximately the same size were obtained by Vold2 
as a result of rapid cooling to -80° of a 25% isotropic solution of lithium stea-- 
rate in n-hexadecane. 

Cooling to a first stage temperature of t, = 70, 85 and 110° leads to the 
formation of similar, smooth ribbon-like particles with even edges and rounded 
ends (Fig.2,b,c & d). The length of these particles varies from 0.6 to 1 yu; 
their width is about 0.1 yw. The ribbon-like particles from the grease cooled to 
El = 110° have a somewhat larger length-to-width ratio than the particles from 
the tj = 85° grease. On the other hand, the t, = 70° particles are somewhat 
thicker than the particles obtained with t; = 85 and 110°. Many of these ribbon- 
like particles are joined by overlapping at the ends. In such cases the total 
length of the particles may be 2 or more microns. The thinnest ribbon-like par- 
ticles, the thickness of which apparently does not exceed 0.01-0.02 yu, are ob- 
tained in cooling to a first stage temperature of t, = 85°. 

Under the tj = 130° cooling conditions there are formed long thin serpentine 
fibers having a thickness of about 0.05 yw and a length ranging from 0.5 y to sev- 
eral microns (Fig.2,e). Many of these fibers are joined to each other and form 
branching networks. 

Under cooling conditions characterized by tj = 160° (6 hour holding time), 
170° and 180°, the particles formed differ markedly from those described above. 
These particles have the appearance of wide short leaflets consisting of a large 
number of very thin parallel fibers having a diameter of 0.02-0.04 y (Fig.2,f,¢ 
& h). The length of these particles is about 1.2-1.5 uw; the width 0.2-0.5 un. 
Generally the thickness of the particles does not exceed 0.02-0.05 u. 

We also investigated the influence of the holding time at t, on the charac- 
ter of the soap fiber particles. Fig.2,i shows the particles obtained in cool- 
ing to ty = 130° with a 6 hour holding time at this temperature. As will be evi- 
dent from a comparison of Figs.2,i and 2,e (half hour holding time at ty = 130°) 
there is a significant increase in the size of the particles with holding time, 
the greatest increase being in thickness (over 0.1 uw in the case of the 6 hour 
holding time, as against 0.05 y with a half-hour holding time). 


Influence of additives 


We also investigated the influence of additions of a saturated aliphatic 
acid on the properties’ and microstructure of the grease. In this case the grease 
samples were prepared by cooling to ty = 70° with a holding time of 30 min at this 
temperature and contained 10% lithium stearate in medicinal vaseline oil. The ad- 
dition of pelargonic acid in the amount of 1.8:1072 mole per mole lithium stearate 
leads to the formation of fibers (Fig.3,a) similar in shape to the fibers forming 
aaa’ aes fae cooling conditions without an additive. However, the width of the 
particles is reduced to 0.05-0.08 in ~ 
a ERA PRLGEP Lea H (instead of ~0.1 uy for the grease prepared 
The addition of pelargonic acid in the amount of 18+-10-2 mole per mole lith- 
ium stearate with the same cooling conditions leads to the formation of particles 


his 


of an entirely different type. In this case the particles (Fig.3,b) have the ap- 
pearance of bent rods of varying thickness, often joined to each other in differ- 
ent ways. The length of the particles varies from 0.8 to 2 uu; the width from 0.1 
to 0.4 uy. Storage of this grease sample at room temperature for a period of one 
year resulted in an appreciable increase in the size of the particles (Fig.3,c) 
presumably as a result of recrystallization. Though of roughly the same shape, 
the particles from the year-old grease attain a length of 5 yw and a width of 0.6 u. 
The difference in the size and shape of the particles are connected with the 
conditions of crystallization of this soap - the number of nuclei and the rate of 
their growth - which depend on the rate of cooling of the isotropic solution and 
the holding temperature. Moreover, changes in the phase state of the soap, occur- 
ring with changes in the intermediate temperature t,, have a definite effect on 
the size and shape of the soap fibers. The series of soap fiber micrographs help 
to explain the character of the observed ty dependence of Py. The highest struc- 
tural strength, obtained at t, = 130°, may be attributed to the formation of a 
structural network consisting of long thin fibers. The lowest strength, obtained 
at t, = 85°, is explained by the formation of ribbon-like particles that readily 
slide over each other. The increase in strength observed in going to t] = 0° is 
connected with reduction in the particle size and roughness of their surface, re- 
sulting in increased friction and cohesion. The drop in strength evinced for 
ti = 170° may be associated with the formation of a small number of short leaf- 
like particles that are almost incapable of intertwining. 


Conclusions 


1. We investigated the influence of the temperature conditions of preparation 
of lithium grease on its microstructure. 
2. We showed that addition of pelargonic acid to lithium base grease in the 


process of preparation has an appreciable effect on the character of the soap 
fibers formed. 
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